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Foreword 



Microoptics: From Technology to Applications 

In optics and photonics, like in many areas of science and technology, the 
frontier for the field lies in the constant push to reduce the size of components, 
devices, and systems. Since the early 1980s, the advances made in the design, 
fabrication, and application of microoptic components, devices, and systems 
have been truly astounding. 

Leveraging on the revolution in fabrication technology in the electronics 
industry, optical scientists and engineers have perfected optical and electron- 
beam lithography as tools to write complex (binary and continuous) struc- 
tured surfaces into photoresist with unprecedented precision. This precision- 
structured photoresist surface serves as a “master” element, which can be used 
to create hard or soft tools that are suitable for replication or transfer into a 
variety of materials. For example, a thin layer of gold may be deposited onto 
the photoresist, which, in turn, serves as an electrode in a nickel-plating pro- 
cess. The resulting nickel tool can then be used to replicate the elements into 
a variety of plastics using compression- or injection-molding techniques; or the 
tool could be used to replicate the surface using a “cast and cure” technique, 
in which a substrate, typically glass, is coated with a thin layer of ultraviolet- 
or temperature-cured polymer. In this case, the tool is pressed into the thin 
polymer, and the polymer is cured. Polymer-on-glass components are more 
stable, with respect to temperature variations, than pure plastic components. 
It is also possible to etch the precision-structured surface directly in a sub- 
strate material, such as fused silica, silicon, or germanium, using reactive-ion 
etching techniques. This can be accomplished either by etching structured 
photoresist surface into the original substrate or by first replicating the pho- 
toresist master element into an “etch” resist coated on a different substrate, 
which is subsequently transferred into the substrate via reactive-ion etching. 
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In addition to the advances in lithographic fabrication of microoptical 
components, there have been substantial improvements in the development 
of several other fabrication methods as well, such as single-point diamond 
turning, the LIGA process, and the use of pulsed and high-power laser systems 
to shape surfaces. 

With the advances in fabrication technology to produce precision optical 
surfaces came the need for new and improved performance modeling methods 
of the microcomponents. In many cases, conventional scalar diffraction theory 
cannot adequately describe the operation of many of the components, spawn- 
ing the application of rigorous electromagnetic modeling of the optical ele- 
ments. Sophisticated computer models were developed to describe accurately 
diffraction efficiencies of diffractive structures and the polarization properties 
of both diffractive and high-numerical-aperture refractive microoptic compo- 
nents, and diffractive optics and waveguide modeling methods began to merge 
in order to model the performance of integrated microoptic systems. 

Finally, there have been numerous advancements in microoptic metrol- 
ogy techniques and methods. After all, you cannot improve a process unless 
you can measure it! Significant advances have been made in virtually every 
area of microoptics metrology: contact surfaces probes, noncontact techniques 
for surface profiling, wave-front measurements of microoptic components, and 
microoptic system performance analysis. Also, there have been significant ad- 
vances in new techniques to achieve micron and submicron alignment toler- 
ances between microoptic components, thereby enabling the fabrication and 
application of novel microoptic devices and systems. 

Over the past couple of decades, the microoptics field has made great 
strides in the transition to laboratory (or proof-of-principle) demonstration 
to high- volume commercial applications. Hats off to the scientists and en- 
gineering teams around the world that made this stunning success story a 
reality! 



Rochester 
September 2003 



G. Michael Morris 
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Optics is a key technology for many areas of applications. The famous study 
“Harnessing Light” [1] defines the role of optics as that of a “pervasive en- 
abler,” which means that optical components can often be found to be the 
decisive building block of a much larger technical area. One specific example 
is the enormous development of the communications world after the advent 
of the laser and fiber optics in the 1960s and 1970s. For the present and the 
future, many other areas of application can be identified, for example, in infor- 
mation technology (transport, processing and storage of information), health 
care and life sciences, sensing, lighting, manufacturing, and so forth. The study 
also distinctly points out the interrelation between the progress in these areas 
of application and the underlying progress of the optical technology in terms 
of materials, devices, and systems. 

Microoptics is one of those technologies for which the above-mentioned 
considerations are becoming obvious. Similar to microelectronics, where com- 
ponent miniaturization and integration has opened a wide field of applications 
and enabled continuing progress for over several decades, the miniaturized in- 
tegration in other areas, such as optoelectronics, optics, and mechanics, may 
provide a similar potential. Due to advanced fabrication techniques that have 
been developed over the years, microoptical and micromechanical components 
have now become feasible. Silicon micromechanical systems, arrays of mi- 
crolenses, and vertical cavity surface emitting lasers (VCSEL) are among the 
most prominent examples for this progress. At the same time, the demand for 
practical optomechanical systems with improved functionality has increased. 
The combination of microelectrical and micromechanical components in one 
system (MEMS) has become a major area of research and development. By 
integrating microoptical, microelectrical, and micromechanical components 
(MOEMS) in one system, an even wider range of applications, including op- 
tical sensors, communication subsystems, and so forth, becomes possible. 
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The field of microoptics includes both, waveguide optics and free-space 
optics, although they differ in their mechanisms for light propagation and 
practical use. Optical signals offer a large degree of functionality based on 
the properties of electromagnetic radiation. The high bandwidth is utilized in 
telecommunications. The transfer of information or energy without physical 
contact is used most prominently in optical data storage and in optical ma- 
terial processing. Other advantages, such as the interferometric precision of 
coherent optics, are being exploited, for example, in sensors. 

During recent years, the development of microoptics was strongly influ- 
enced by advances in technology and components. Although there is still 
progress in this area, systems aspects are becoming more important. Issues like 
modularization and integration of heterogeneous technologies (e.g., semicon- 
ductor, glass, plastic) are gaining increased significance. Another important 
issue is the definition of standardized interfaces, allowing one to freely combine 
different components or subsystems. 

Consequently, new aspects of basic science are introduced. These include, 
for example, the wave-optical design of miniaturized systems, thermal aspects 
of hybrid integration, or the development of new techniques for characterizing 
microcomponents and systems. Also it must be pointed out, that a change 
of paradigm has occurred during the past decade: The emphasis in research 
and development has gradually shifted from component optimiation to system 
optimiation, taking into account manufacturability, practicality, lifetime, and 
cost. Due to this, new topics, such as packaging, tolerant system design, and 
so forth, are becoming more important. 

Lithographic fabrication forms the foundation for practically all areas of 
microoptics. We distinguish between mask-based lithography adapted from 
the fabrication of integrated circuits (IC) and direct-write techniques using 
optical or electron beams. Conventional mask-based lithography uses optical 
illumination in the visible or near ultraviolet (UV). This technology is very 
suitable to implement, for example, diffractive microoptical components with 
quantized, staircaselike phase profile. Unlike in electronics, where the struc- 
ture heights are typically in the nanometer range, optical structures often 
require much deeper profiles. For diffractive elements, a structural height that 
is on the order of a few wavelengths is required. For refractive elements and 
optomechanical structures, profile depths of up to several hundred microns are 
needed. For the realiation of deep structures, optical lithography with special 
resists can be used. Very high aspect ratios can be achieved with the LIGA 
(Lithographie, Galvanik, Abformung) approach, also discussed in this book. 
Another technological challenge is the fabrication of lateral structures with 
feature sizes in the subwavelength range, including the so-called “zero-order 
gratings” and the photonic crystals. Finally, another difficult challenge is the 
fabrication of 3-D structures. Unlike periodic 3-D structures, which can be 
implemented by interferometric techniques, irregular 3-D structures require a 
novel approach. The direct-write technique using ultrashort laser pulses for 
material structuring is currently under investigation. 
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Several of the new techniques just mentioned are described in this book. 
Kley, Wittig, and Tiinnermann present and demonstrate the various tasks 
and techniques for lithographic fabrication. Conventional binary lithography 
is discussed at the beginning of the chapter and then the various forms of 
analog or gray-level lithography. The specific aspects of pattern generation 
for lithographic fabrication are discussed by Schnabel, with an emphasis on 
data economics, particularly for direct writing. 

After this general introduction to lithographic fabrication in the first two 
chapters, we continue with the aspects of modeling and simulation of micro- 
optics. For free-space optical elements and systems, the different approaches 
are described in the chapter by Zeitner, Schreiber, and Karthe. Ray-optical 
and wave-optical approaches are discussed and the required modifications 
when modeling elements with a small diameter and/or very fine features. The 
next two chapters are devoted to the modeling of waveguide optics. First, 
Marz gives a general overview of the use of computer-aided engineering in 
optics and describes the different modeling approaches, like eigenvalue anal- 
ysis, time-domain, and frequency-domain techniques. Then, Pregla describes 
the Method of Lines, a semianalytical technique, and shows its specific time- 
saving properties for periodic structures like Bragg gratings. 

After this theoretical excursion, we step back to technology and turn to- 
ward the LIGA method as an approach to make very deep structures. The 
chapters by Frese and by Mohr, Last, and Wallrabe illuminate this interesting 
technology and its use for microoptics. Frese introduces the technology and 
presents waveguide-optical and free-space optical components as examples. 
The capability of the LIGA approach to fabricate very deep structures makes 
it interesting not only for the implementation of optical functions but also for 
micromechanics and packaging. The latter aspect is in the focus of the chapter 
by Mohr, Last, and Wallrabe, who present a modular approach to design and 
fabrication with the LIGA technology. 

Microoptics has established itself over a relatively short time span due to 
the successful adaptation of a number of fabrication technologies. However, 
even more fabrication concepts have emerged over the past couple of years. A 
block of three chapters is devoted to such novel concepts. We begin with the 
use of fs-laser pulses as a tool for a direct- write approach. This has become 
possible with the development of practical fs-laser systems. The approach 
is of interest because it allows one to generate “arbitrary” 3-D structures 
(e.g., waveguides in a solid block of glass or plastic), as it is described by 
Nolte, Will, Burghoff, and Tiinnermann. In the next chapter, Brinkmann, 
Reichel, and Hayden consider the possibilities that are further opened up 
by adding new bonding approaches and doping to the aforementioned fs- 
pulse direct-write technique. Finally, this block is completed by the paper by 
Jamois, Wehrspohn, Hermann, Hess, Andreani, and Gosele on 2-D waveguide 
structures based on the concept of photonic crystals. They consider so-called 
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“high-zln structures” made of semiconductor materials. Special room is given 
to the modeling and simulation of the light propagation in these devices. 

An important aspect that is often neglected is the characterization of 
microoptics. Obviously, given the wide variety of microoptical components, 
this is a huge field which will gain increasing importance as commercial use 
increases. Here, Lindlein, Lamprecht and Schwider discuss the testing of mi- 
crolenses. Several interferometric techniques are described which allow one 
to measure different parameters for different types of elements. An interest- 
ing fact worthwhile to mention is that some of these classical interferometric 
techniques have been adapted by including microoptical elements as optical 
“standards” . 

The next block of chapters deals with the topic of systems integration (in 
this aspect, related, of course, to the two LIGA chapters). Oikawa presents 
the fabrication of planar gradient-index microlenses and their use in build- 
ing modules and systems, for example, for telecom applications. Gruber and 
Jahns follow with a chapter on the planar integration of free-space optical sys- 
tems using thick slabs of transparent materials. One special purpose of this 
approach is the integration of 3-D optical interconnects for data communi- 
cations in computers. Finally, Spath describes not only novel semiconductor 
light sources and their use for microoptics but also, in particular, the use of 
microoptical concepts for their efficient implementation. 

The last topic of this book deals with applications, mostly in optical sens- 
ing. A general overview of microoptical sensors is given by Brandenburg. The 
main perspective of this work is, of course, how to use microfabrication to build 
miniaturized and integrated sensors. Typical examples are described, from dis- 
tance measurement to spectroscopy. An example of the successful conversion 
into a industrial product is described by Rasch, Handrich, Spahlinger, Hafen, 
Voigt, and Weingartner. They describe the use of LiNb 03 waveguide technol- 
ogy for fiber-optic gyroscopes. The use of spectral encoding as one of many 
degrees of freedom in the design of sensor systems is discussed by Bartelt in 
his contribution. The book is concluded by Grunwald and Kebbel. Their work 
aims at the tremendous variety of microoptical components and their use in 
the shaping of ultrashort laser pulses. 

This book understands itself as a current overview of the state of the art 
and as a complement the existing literature [2-6]. It comprises in written and 
updated form many presentations given at a Heraeus seminar on Microoptics 
held in Bad Honnef, Germany in April 2002. The editors would like to acknowl- 
edge the work of the authors who took precious time to write the manuscripts. 
Furthermore, the collaboration with Dr. Rasch (LITEF) and Dr. Ross (IOTech 
and M.u.T.) during the preparation of the Heraeus seminar is gratefully ac- 
knowledged. Thanks goes to the Heraeus foundation for its support and for 
providing a rather unique “ambiente.” In the preparation of this book, the 
diligence and competence of Susanne Conradi and Tina Heldt (University of 
Hagen) was invaluable. Finally, we would like to thank Margaret Mitchell and 
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Hans Koelsch from Springer- Verlag, New York for their encouragement and 
patience. 

Hagen and Mannheim Jurgen Johns and Karl-Heinz Brenner 

November 2003 
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1 Introduction 

Technologies and fabrication methods are often responsible for the success of 
products, because its price, functionality, size, and durability depend on it. 
Usually, technological reasons may lead to a time lag of years or even tens of 
years between the discovery and the first proof or the first commercial use of 
a physical effect. Therefore, the technologies play a key role in our technical 
life and we need to focus also on the fabrication technologies in a general 
discussion on microoptical elements. 

Although microoptics shares the technological basis with microelectronics, 
the structuring techiques may differ considerably. This is caused by the fact 
that the microstructures that are necessary for the functionality of the optical 
elements can roughly be divided into different classes. The requirements of 
the profile shape are very different in the different classes and the specifica- 
tions and tolerances cannot be generalized for the structures of microoptical 
elements. For this reason, it is necessary to understand the classification of 
microstructures and the optical properties that are related. Of course, it is 
not possible to refer to all fabrication methods in this chapter; even the litho- 
graphic methods we want to describe are of a huge variety that cannot be 
discussed completely. Therefore, an overview of the most important litho- 
graphic methods for optical element fabrication will be given and some basic 
knowledge of microlithography as well as equipment is expected. 



2 Elements to Be Fabricated 

The term “microoptical elements” contains a nearly infinite variety of differ- 
ent surface profiles. However, with respect to the different optical functions, 
we can classify the elements and define requirements for the corresponding 
fabrication technologies. Such a classification is, of course, not sharp and does 
not take into account the full variety of existing optical elements. 
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Fig. 1. Profiles of optical elements to be fabricated. 



The first class consists of elements with continuous surface profiles such 
as lenses and prisms or, more general, beam-shaping elements with arbitrary 
shapes (Fig. 1, top row). The characteristic detail is large compared to the 
wavelength of light, and in order to analyze the optical function of these 
elements, the geometrical optical approach is sufficient. Ray tracing and the 
application of the law of refraction is the basis for modeling and design of these 
elements and that is why they are called refractive. However, with decreasing 
diameter or increasing deflection angle, wave-optical effects will affect the 
optical function more and more and have to be considered. Although from a 
physical point of view, optical elements are scalable with the wavelength, the 
size of these elements is mostly determined by technical demands of the setup 
or the device that admits the element. Thus, the aperture of these elements 
ranges from several microns to millimeters and the value for the total profile 
depth also varies over a wide range (< 1 pm to 1mm). The requirements for 
the profile accuracy for this class of elements are scaling with the wavelength 
and can be found usually between A/5 and A/20 (2000 nm at A = 10 pm to 
5 nm at A = 100 nm). 

A second class of elements consists of periodic structures like binary and 
blazed gratings as well as beam splitters with a continuous profile (Fig. 1, 
second row). Computer-generated holograms (often used synonyms are ki- 
noforms, diffractive optical elements, and holographic optical elements) also 
belong to this class. The characteristic details of these elements are larger 
than the wavelength of light, and for the analysis of its optical function, wave- 
optical methods have to be applied. Because diffraction of light is the basis for 
the functionality, these elements are called diffractive. In contrast to refractive 
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elements, the accuracy of the transmitted (or reflected) wave front is related 
to the accuracy of the period d. If, for instance, the positioning error of a 
grating line is d/ 10, then the wave-front error will be A/10 in the 1st and 
— 1st diffraction orders. The accuracy of the profile shape mainly influences 
the distribution of intensity between different diffraction orders. The size of 
diffractive elements ranges from some micrometers to some hundred millime- 
ters, but the profile depth scales with the wavelength. In the case of binary 
elements in the paraxial domain and suppressed zero-order efficiency, the pro- 
file depth is given by (k + 1/2) (A /An) (with k being an integer and An the 
difference of refractive indexes of the substrate and the surrounding medium), 
which corresponds to a phase step of (2k + l)n. Typical values are k = 1 and 
An = 0.457 (fused silica at A = 633 nm), leading to a profile depth of nearly 
700 nm. 

The third class of elements we want to distinguish consists of periodic 
structures too, but the feature size is, in contrast to the above-mentioned 
diffractive elements, lower than the wavelength of light. Therefore, for normal 
incidence, no propagating diffraction orders exist and the structure acts as 
an effective medium. The term “artificial materials” is often used for this 
class of elements, because they have optical properties (e.g., birefringence, 
locally varying refractive index, polarization) which are very different from 
the original properties of the used material. Examples for elements are phase- 
retarder plates, moth eye structures, or blazed binary gratings (Fig. 1, third 
row). For the analysis of these elements (especially the calculation of the wave 
front just behind the element), rigorous methods have to be applied. Since 
there exists up to now no algorithm which allows the backward calculation of 
a profile from a given wave front, the design of these elements has to utilize 
a systematic scanning of the parameter space. The accuracy of the optical 
function scales with the wavelength and depends mainly on the accuracy of 
the grating parameters period d, fill factor /, and grating depth D. In some 
cases, d, /, and D have to be as accurate as 1%, which means a tolerance of 
only a few nanometers for typical values of a A/4-phase retarder (d = 400 nm, 
/ = 0.5, D = 2000 nm). The aperture of such elements lies in the range from 
several micrometers to some hundred millimeters, as in the case of diffractive 
elements. 

Finally and most challenging, there is also the combination of all three 
classes of microoptical elements. This can be, for instance, a hybrid refrac- 
tive/diffractive element or a refractive element made of an artificial material 
(Fig. 1, bottom row). In these cases, the requirements to accuracy of both the 
primary profile with characteristic detail > A as well as the secondary profile 
with characteristic detail < A has to be fulfilled. The size and profile depth 
of the complex structures are typically the same as for the primary class of 
elements. 
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Fig. 2. Flowchart for the fabrication of binary optical elements (schematically) . 



3 Technologies 

3.1 Fabrication Method for Binary Patterns 

A binary optical pattern seems to be the easiest case for fabrication. As a 
matter of fact, the techniques for its fabrication are the standard lithographic 
fabrication technique sketched in Figure 2. In a first step, resist has to be 
coated on the substrate. The technique of choice depends on parameters like 
the resist thickness, the substrate size, and the shape of the surface or sub- 
strate, respectively. Spin coating is most common for coating standard resists 
on standard wafers or mask blanks. In this case, the resist thickness can be 
controlled by the substrate rotation speed, which usually lies in the range from 
1000 to 6000 rpm and leads to a thickness variation of a factor 2 to 3 or a bit 
more. Resist thicknesses from 10 nm up to more than 100 pm can be made by 
using commercial resists. The next step is the resist exposure by light (pho- 
tolithography), electrons (electron lithography), X-rays (X-ray lithography), 
or ions (ion lithography). 

The “cheapest” piece of equipment for photolithography is a mask aligner 
for contact or proximity lithography. It uses a uniform beam of ultraviolet 
(UV) light (e.g., 365 nm or 315 nm) to illuminate a mask (typically made of 
chromium). Behind the mask, the resist-coated wafer is placed. With this 
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shadow projection, minimum linewidths down to about 1.0 to 0.5 pm can be 
achieved, usually on substrates with a size of up to 6 in. and even larger. 
Better resolution can be achieved with the much more expensive projection 
photolithography (using so-called wafer steppers), which uses an objective for 
a reduction imaging of the mask into the focus or wafer plane. With advanced 
systems, a minimum linewidth below 100 nm could be demonstrated. Because 
of the reduction, the projected area covers only a part of the wafer. The full 
wafer exposure therefore works stepwise with the help of a very precise x/y- 
stage for wafer positioning. Advanced projection systems are able to work on 
a 12-in. wafer size. 

For the pattern generation, this means direct writing or mask writing; the 
common methods are laser-beam writing or electron-beam (e-beam) writing. 
Laser writers are working on substrates with a size of up to 12 in. and gen- 
erate linewidths down to about 400 nm at ultrawide (UV) wavelengths and 
about 200 nm for deep ultraviolet (DUV) wavelengths. Its address grids in the 
range between 50 nm and 1 nm. Similar parameters are known for the e-beam 
writers. However, the minimum linewidth often reaches values below 100 nm. 
Extreme values of the minimum linewidth are between 10 nm and lnm. A 
more detailed consideration of the pattern generation with laser writers and 
e-beam machines is given in Chapter 2. 

Schematic sketches of the equipment described are shown in Figure 3. 
Upon developement, a positive or negative copy of the mask pattern ap- 
pears in the resist layer. With a subsequent etching step, it is possible to 
transfer the resist pattern into the substrate or into the layer below the resist. 
An improved etching mask can be made by using a chromium layer between 
the resist and the substrate. This layer has to be etched after the development 
process by dry etching. The chromium mask acts as a stable etch mask with 
high etching resistance in a reactive quartz etching process, for instance, and 
helps to achieve an excellent edge quality. Even though binary pattern fab- 
rication techniques are extremely well developed for microelectronics, optical 
element fabrication may be a challenge due to special demands: 

• Low pattern redundancies (e.g., Fourier Computer Generated Holograms 
(CGHs)) 

• Extreme aspect ratios and high accuracy (e.g., A/4 effective media or pho- 
tonic crystals) 

• Continuous bended smooth pattern/gratings (e.g., waveguides or imaging 
gratings) 

• High-resolution pattern on bended or topological surfaces (e.g., antireflec- 
tion pattern on lenses) 

It is clear that in order to overcome the problems resulting from these 
demands, new technologies have to be developed. However, it does not make 
sense to improve the fabrication methods blindly for fulfilling the specs or 
the tolerancing. Usually, the pushing demands are a result of optical designs 
without consideration of the fabrication techniques and often solutions can be 
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Fig. 3. Schematic sketches of the lithography equipment: (a) mask aligner, (b) wafer 
stepper, (c) laser writer, and (d) e-beam writer. 



found by collaboration between designer and process engineer. Close interac- 
tion between the two can be beneficial - in particular, in cases where demands 
are high. This can be demonstrated by examples. 

1. Diffractive optical elements (DOEs) with a large deflection angle are based 
on small pixel sizes, for instance. Figure 4 shows an example with 400 nm 
x 400 nm pixel size. Electron-beam writing with a variable shape beam 
should be a suitable and fast fabrication method. The advantage of vari- 
able shape beam writing is that the square-shaped pixels of the DOE 
can be written by the square-shaped e-beam. Hence, a short writing time 
of the DOE is guaranteed. However, because of the small pixel size of 
400 nm x 400 nm, a bad influence on the geometrical pattern quality by 
the well-known proximity effect has to be expected. Indeed, a look at the 
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simulation of the proximity effect shows a rounded pattern (Fig. 4). Due 
to the large pixelated field without redundancies, a proximity-effect cor- 
rection would lead to a substructure that increases the number of shapes 
to be written enormously. As a consequence, the writing time increases 
proportionally. In reality, the proximity effect does not disturb the opti- 
cal function of this element. Suitable modeling shows an improved optical 
signal and an increased signal-to-noise ratio. In this case, the proximity 
effect makes the pattern worse but improves the optical properties of the 
element and a proximity correction would not make sense. 

2. Grating-based phase plates (e.g., for A/4-phase retardation) have to be 
considered as an alternative to classical phase plates based on anisotropic 
crystals. This means, however, that an accuracy of the phase retardation of 
about 1% has to be achieved. The geometrical specification of the relevant 
grating design shows for fused silica and 633-nm wavelength in transition 
the following: 



Grating period 
Grating profile 
Fill factor 
Grating depth 



400 nm 
rectangular 
50% ± 1% 

2200 nm ± 22 nm 



Any deviation from a rectangular grating profile is not taken into account 
actually. Thus, the fabrication of such gratings seems to be impossible 
with such an accuracy. One way out of this dilemma comes with the un- 
derstanding of the working principle of the grating and with the knowledge 
about the fabrication possibilities. Due to the small grating period, the 
grating is a zero-order grating and acts as an effective medium. Hence, 
the phase retardation between transverse electric (TE) and transverse 
magnetic (TM) polarization depends linearly on the birefringence that is 
controlled by the fill factor (includes the profile deviation) and on the 
grating depth. Inaccuracies of fill factor and profile deviations can be to- 
tally compensated by an adapted grating depth. With this knowledge, 
trimming methods can be used in practice for getting the high accuracy 
of phase retardation wanted. The first method is a back trimming. If the 
phase retardation of the grating fabricated is too large, a degradation of 
the grating profile by ion-beam etching under an angle reduces the phase 
retardation. The second method is suitable for increasing the phase re- 
tardation by increasing the grating depth. In this case, an etching mask 
has to be placed on the grating by the shadow technique and a further 
dry-etching step increases the grating depth (Fig. 5). After mask removing 
and phase retardation measured this process can be repeated a couple of 
times if necessary [1]. 

A similar problem is the fabrication of zero-order metal stripe gratings 
for polarization purposes in transmission. The aim is a high polarization 
ratio and so the design results in inconvenient grating specs. For a polar- 
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Fig. 5. Fabrication and trimming of high-aspect-ratio gratings. 




metal stripe grating 



metallic U-profile 



Fig. 6. Because of the skin effect, the massive metallic grating line cross section 
can be replaced by a hollow conductor or a u-profile as well. 



Both variants are challenging for the fabrication. The small grating period 
of 100 nm is the problem of variant A; the high aspect ratio resulting from 
500-nm chromium stripe thickness is the problem of variant B. 

As we know, because light is a electromagnetic wave with a very high 
frequency and does penetrate metals just in the 10-nm range (skin ef- 
fect), it is not necessary to fabricate massive metallic grating lines. The 
surface region only contributes to the absorption necessary for the polar- 
ization filter. Therefore, the massive grating line should be replaceable by 
profiles like shown in Figure 6. The modeling of a u-profile confirms this 
assumption. For the u-profile fabrication, binary grating fabrication and 
the shadow technique can be used (Fig. 7). 
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Fig* 7. Flowchart of the u-profile fabrication technique. 




Fig. 8. The u-profile metal stripe grating array fabricated. Period = 300 nm, metal 
= chromium, substrate = fused silica. 



In our case, we used e-beam writing for the generation of matrix ar- 
ranged fields of different grating directions and reactive-ion-beam etch- 
ing for its transfer 600 nm into the quartz substrate. After this, 30-nm 
chromium was coated with substrate rotation under a deposition angle 
of 45°. With such a u-profile, metal stripe grating polarization ratios 
>300 (max. 1500 at 4525 nm) were measured in the range from 425 nm to 
1000 nm wavelength. Gratings fabricated can be seen in Figure 8. 

Application and fabrication methods of the binary subwavelength pat- 
tern are also described in Refs. [1-9]. 
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Fig. 9. Scheme of near-field holography with (a) oblique incidence illumination and 

(b) normal incidence illumination. 

3. It is clear that many binary optical elements are based on gratings with 
fine pitch. Holography or electron-beam writing can be used for its gener- 
ation of course. Both methods have shown its potential for high resolution 
at good quality. Nevertheless, e-beam writing is often criticized because 
of its stitching errors between work fields and because of the low writing 
speed that results in high fabrication costs. Both problems have been re- 
duced in the past by special writing strategies for instance. A total solution 
of these problems cannot be expected in the near future. The handicap of 
free-space holography is its limited flexibility for arbitrary grating fabri- 
cation. Especially developed for fine-pitch grating replication is near-field 
holography (NFH). This lithographic method sketched in Figure 9a tries 
to exploit the advantages of e-beam writing and holography. Behind the 
oblique illuminated mask that is fabricated by e-beam writing, for in- 
stance, the zeroth and the first diffraction order interfere. The period of 
interference is the same as the grating period of the mask and does not 
depend on the illumination angle or the illumination wavelength. Under a 
fixed illumination wavelength (e.g., 365 nm), boundary conditions have to 
be fulfilled and optimizations have to be done for a successful or optimized 
operation of this kind of lithography: 

• Two beam interference (— ► periods that can be copied with NFH) 

• Symmetric angles of the diffraction orders (— » illumination angle) 

• Equal intensities of the diffraction orders (— ► mask design) 

Amplitude masks and phase masks can be used as well for this version 
of NFH. By softening the second and partially the third condition, it is 
possible to copy a period range instead of a single period. To overcome the 
restriction regarding the grating direction, normal incidence of illumina- 
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special features: 

♦ adjustable angle of incidence: (T- 55* ( ±1* ) 

♦ low divergence: Q.l* 

♦ interference filter: 313nm, 365nm . 435 nm 



Fig. 10. Scheme of the mask aligner MA6 NFH for near-field holography, (a) for 
normal and (b) for oblique incidence. 



tion can be used (Fig. 9b). In this case, unpolarized or circular polarized 
and a careful designed phase mask that suppresses the zeroth diffraction 
order is necessary. This leads to interference fringes with half the period 
of the original mask pattern. The design of the masks has to consider po- 
larization problems also. If unpolarized light is used for copying the mask, 
diffraction orders of both the TE and the TM polarizations should fulfill 
the specs as well. Because the phase mask must be feasible, this turns out 
to be difficult sometimes. NFH is a typical lithographic method that was 
developed preferably for optical pattern fabrication - in this case fine pitch 
grating. The original idea of its application was the fabrication of gratings 
for distributed feedback (DFB) lasers. Figure 10 shows the scheme of the 
commercial mask aligner MA6 NFH from Suss Microtec. Now, a further 
stage of NFH is able to copy or generate many more types of gratings. 
Figure 11 shows a couple of examples [10]. 

3.2 Fabrication Methods for Multilevel Patterns 

Optical element design often ends in multilevel phase elements. The reason for 
this might be the wish for an approximation of refractive elements by stairs, 
the need of an maximized diffraction efficiency of a diffractive element, the 
increase of the uniformity of an beam splitter, or others. The elements that 
result are multilevel heath profiles for transmission or reflection. 

One of the most common fabrication methods for such elements uses a 
multiple overlay of the well-established technique for binary pattern fabrica- 
tion. A doubling of the height levels can be done with each binary step. A 
scheme of this method is seen in Figure 12. It is easy to recognize that the 
number of height levels increases very fast with the binary fabrication steps: N 
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Fig. 11. Examples of grating fabricated by near-field holography: (a) 400-nm period 
grating; (b) circular grating 500 nm period; (c) 500-nm period grating made by two 
exposure steps crossed under 90° and (d) under 60°. 

n masks ^ 2 n levels 




mask 1 
mask 2 
mask 3 
8 level profile 



Fig. 12. Scheme of the fabrication of multilevel optical elements. 



steps generate 2 N levels. Photolithography, electronlithography, or other litho- 
graphic methods are suitable for the etching anisotropic; dry etching should 
be preferred. Figure 13 shows details of a diffractive element fabricated by e- 
beam lithography and reactive-ion-beam etching in fused silica. The element 
of Figure 13a is based on a 400-nm x 400-nm pixel size and includes four 
levels Figure 13b shows a phase dislocation element with eight levels. 

Because advantages are expected theoretically by the use of a high number 
of phase levels, the fabrication is pushed to make a large number of height 
levels. Due to the limited overlay accuracy and the nonideal side walls of the 
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Fig. 13. Multilevel diffractive elements fabricated by e-beam direct writing and 
reactive-ion-beam etching in fused silica: (a) nonparaxial beam-splitting element; 
(b) phase dislocation. 



etched pattern, in reality an optimum of levels exists. On the one hand, this 
can be understood as the sidewalls and the overlay error of multiple litho- 
graphic steps that leads to a disturbed region and may occupy a substantial 
part of the element area. That area decreases the diffraction efficiency or the 
optical signal quality. This means that a large increasing of the number of 
height levels might lead to the destruction of the optical element as well as its 
optical function. On the other hand, the optimum cannot be described as eas- 
ily by the proportion of the destructed element area. This depends strongly 
on the type of optical element. For instance, the uniformity of the diffrac- 
tion order intensity of beam splitters is very sensitive to overlay errors, even 
at small deflection angles. Less sensitive are Fresnel lenses in the paraxial 
domain. The patterns of optical elements disturbed by overlay and sidewall 
problems are shown in Figure 14. The pattern shown in Figure 14a should 
look similar to Figure 13a. Sidewall and overlay problems destroyed the pat- 
tern. As the lithography for the phase dislocation element of Figure 14b was 
done with a mask aligner that reaches just 1 pm overlay accuracy, undesired 
walls have been engendered within the element fabrication. Figure 15 helps in 
the understanding of the connection between the overlay error and the walls 
or gaps. Usual values for overlay errors are 0.5 to 1 pm for photolithographic 
mask aligners, 50 to 200 nm for e-beam writer or optical wafer stepper, and 
below 50 nm for advanced lithography tools (wafer stepper or e-beam writer). 
A good estimation of the loss in diffraction efficiency due the fabrication errors 
is given in the work of Ricks [11]. 
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Fig. 14. Pattern of multilevel diffractive elements disturbed by overlay errors: (a) 
DOE similar to Figure 13a; (b) detail of a phase dislocation pattern similar to Figure 



13b. 



no mask shift mask shift left 

mask 2 

DOE 



mask shift right 



Fig. 15. Gaps and walls can be engendered by overlay errors. Sketched is the second 
mask application and the consequence of its position shift to the left and to the right. 



3.3 Fabrication Methods for Continuous Profiles 
Resist Melting/Reflow 

The resist melting technique is a very well established and simple method for 
the fabrication of spherical or cylindrical lenses (see [12-16]). Its principle is 
shown in Figure 16. At first, cylinders of photoresist with the appropriate base 
area and volume have to be generated on the substrate by binary photolithog- 
raphy. Afterward, the resist cylinders will be heated up on a hot plate. Above 
its glass transition temperature Tq, the photoresist changes into a viscous 
state and surface tension leads to the formation of a surface of least energy 
(surface of minimal area). As an example, the temperature Tq for the common 
diazonaphtoquinon (DNQ) resists is in the range 70°C to 110°C (dependent 
on the molar mass). 

For the ideal melting process without constraint forces, the minimal surface 
is defined by the resist volume only. The rim angle in this case is given by the 
interfacial tensions <r^ of substrate material (index 1), resist (index 2), and 
atmosphere (index 3): 

cos(a) = . (lj 

(723 

In practice, the base area of the photoresist cylinders is fixed and the rim angle 
can even be larger than the characteristic value. Therefore, both parameters 
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Fig. 16 . (a) Principle of the resist melting process and (b) the interfacial tensions 
at the rim of the resist, defining the characteristic rim angle a. 



(resist volume and base area) define the minimal surface. For example, pho- 
toresist cylinders with a circular base area are shaped into spherical lenses. 
The radius of curvature R of such a lens can be calculated from the following 
equations. The volumina Vi en s and V cy iinder are assumed to be proportional: 

VWs = ^h (3 r 2 + h 2 ) = firr 2 d = /Cylinder, 

with r and h being the radius and the height of the resist cylinder, respectively, 
and d being the height of the resist cylinder. The factor / takes into account 
that the resist volume decreases during the melting process due to cross- 
linking of the photoresist and the evaporation of the residual solvent. The 
relation among r, h, and R is 



2 h ’ 

The rim angle of the melted resist lens can vary in a wide range (also ball 
lenses are possible), but the characteristic value given by Eq. (1) was found 
to be the lower limit. If the volume is too small, the fabricated profile is not 
a spherical one, but has a flat top or even a dip in the central part. As a 
consequence, the numerical aperture NA of melted lenses has a lower limit of 
NA min « 0.1 [14]. 

This drawback can be overcome with the reflow technique, which uses a 
solvent atmosphere at room temperature [17]. Under these conditions, the re- 
sist becomes liquid due to diffusion of the solvent into the polymer matrix. 
The characteristic rim angle in this case is very low (< 1°) and the resist will 
not stick to the substrate, as for the thermal melting. In order to avoid spread- 
ing of the resist across the substrate, pedestals with the shape of the desired 
base area has to be used. This can be done using binary photolithography 
and a subsequent transfer of the resist pedestals into the substrate material 
by dry etching (Fig. 17). In contrast to the thermal melting, the photoresist 
remains sensitive to UV exposure. This property makes the reflow process 
very attractive, because a second lithographic step can be added directly onto 
the minimal surface. 
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Fig. 17. Examples of spherical (and cylindrical) lenses fabricated with (a) the resist 
melting technology, (b) the reflow technique, and (c) the glass melting method. 
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Fig. 18. Sequence of the reflow technique. After etching of the pedestals (a) pho- 
toresist will be shaped to a minimal surface in a solvent atmosphere (b). 



It should be mentioned that there are also other techniques for the fabri- 
cation of microoptical elements (microlenses) using the surface tension. The 
ink-jet lens printing for instance utilizes the ink-jet printer technology (“drop 
on demand” ) for the production of small lenses with very good reproducibil- 
ity [18,19]. Instead of ink, a well-defined amount of a UV-curing material 
(e.g., hybrid organic-inorganic sols with photoinitiator) will be placed onto 
the substrate. Since the drops are rotationally symmetrical, the emerging min- 
imal surfaces will be spherical lenses of certain size and volume. After the 
polymerization by UV curing, the material is optically transparent and me- 
chanically stable. With an appropriate positioning system, the single lenses 
can be placed to form arrays of arbitrary pattern. Also, the generation of 
larger elements is possible by placing a number of lenses close together and 
letting them merge. 

A promising method for the direct fabrication of glass lenses on a fused 
silica substrate uses a special glass (Boron-Phosphorus-Silicate Glass, BPSG) 
of low melting temperature instead of the photoresist [20]. The BPSG will be 
deposited onto the substrate with a special flame hydrolysis process, and with 
binary photolithography and dry etching, cylinders of BPSG are generated. 
At a temperature between the melting points of BPSG and fused silica, the 
cylinders will melt and form the minimal surface. 

Examples of lenses fabricated with the different technologies are shown in 
Figure 18. 
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Fig. 19. Control of the final resist profile in analog photolithography. In the con- 
ventional process, the development is stopped after a certain time (a). The proposed 
alternative method of development does not until the resist profile has reached the 
exposure depth (b). 





final resist profile 
= exposure depth 



The advantages of the resist melting or reflow technique are its simplicity 
and the good optical performance of the fabricated lenses due to the good 
sphericity and very smooth surface. However, because these methods use sur- 
face tension for the profile generation, the variety of microoptical elements 
which can be fabricated is very limited. There exist no other minimal surface 
profiles than spherical and cylindrical. Even if the base area is chosen so that 
its rim is a line of constant height of the desired surface profile, the generated 
profile cannot be used directly as an optical element. Therefore, methods for 
the fabrication of almost arbitrary surface profiles are of great importance 
and we want to focus on it in Section 3.4. 



Analog Lithography 

With the term “analog lithography,” all of the lithographic methods should 
be summarized which make use of the analog dependency of the dissolution 
rate of the resist on the exposure dose. This can be either the UV exposure of 
a photoresist or the electron-beam exposure of an electron resist. During the 
development process, the locally varying dissolution rate leads to the forma- 
tion of a profile and the development is stopped if the desired surface profile 
is reached (see Fig. 19a). Thus, the final profile depth is controlled by the 
exposure dose and the development time. 

For photolithography there is also an alternative approach of development 
which makes use of the absorption of the photoresist [21]. Since the inten- 
sity of the exposure wave decreases exponentially within the resist layer, the 
photoresist cannot be exposed completely from the surface to the bottom if 
the resist thickness exceeds a certain value. In this case, a residual layer of 
resist remains unexposed and the boundary between exposed and unexposed 
regions of the resist (exposure depth) is dependent on the exposure time. In 
contrast to the conventional process, the development can be continued until 
the profile has reached the exposure depth (see Fig. 19b). In this case, the final 
profile is dependent on the exposure dose only. Moreover, the remaining resist 
is unexposed and this gives the possibility of applying a second lithographic 
step directly onto the resist profile. 
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The different methods of analog lithography can be distinguished by the 
following working principle: First, writing technologies ( laser beam writing and 
e-beam writing) use a small beam which will be scanned across the substrate 
in order to expose the pattern sequentially. Second, printing technologies (for 
UV exposure) use a mask to modulate the uniform intensity distribution of the 
illumination wave and the desired pattern will be exposed in parallel. In this 
case, two different mask types resulting in halftone lithography and gray-tone 
lithography can be distinguished. 

Halftone Lithography 

The basic idea of halftone lithography is to use a binary mask with high- 
resolution structures which generate the different gray levels. In principle, 
this task can be realized by two-dimensional amplitude gratings (Fig. 20). 
For such gratings, the intensity of the zeroth transmitted diffraction order 
is given in first-order approach (no resonance effects) by the fill factor of 
the grating. The fill factor is defined as the ratio of the covered area to the 
whole area of one grating period. There are different methods of controlling 
this fill factor, as the covered area can be varied and the period is fixed 
(pulse- width modulation) or vice versa (pulse-density modulation). Also, the 
random distribution of covered area and period is possible (error diffusion). 
In any case, it is necessary to provide a spatial filtering of the illumination 
wave behind the halftone mask. Since the period is larger than the wavelength 
for exposure, the halftone structures will act as gratings with more than one 
propagating diffraction orders. Because of the interference of these diffraction 
orders, the intensity distribution behind the mask will be totally different 
from the desired one. As a consequence, contact printing of halftone masks 
in a mask aligner does not provide the desired results. However, if the mask 
plane is imaged into the wafer plane, as, for instance, in a wafer stepper, the 
optical imaging system provides a spatial filtering. The cutoff frequency of 
this filter is the reciprocal of the minimal resolvable feature size d m i n , which 
can be calculated from Abbe’s theory of diffraction: 

dmin = fc NA' 

Here, A is the exposure wavelength and NA is the numerical aperture of the 
objective lens. The factor fc, which ranges between 0.5 and 1.0, is dependent 
on the kind of illumination wave (e.g., angle of incidence, degree of coherence). 
If the grating period is chosen so that it will not be resolved by the imaging 
system, only the zeroth diffraction order will be transmitted, carrying the 
information of the fill factor. 

Halftone lithography and its application is described, for instance, in 
Refs. [22] and [23] and Figure 21a shows an example of a fabricated surface 
profile. Since the halftone masks will be fabricated by electron-beam lithogra- 
phy preferably, the accuracy of halftone lithography is related to the accuracy 
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Fig. 20. Different gray levels (left column) and its representation by different coding 
principles: pulse-width modulation, pulse-density modulation, and error diffusion 
(from second left to right column). 







Fig. 21. Examples of different microoptical elements fabricated with (a) halftone 
and (b, c) graytone lithography: Array of retroreflectors (courtesy of K. Reimer, 
Fraunhofer ISIT, Itzehoe), array of convex lenses (size of each lenslet: 100 pm x 
100 pm , height: 10 pm) and a beam-shaping element (size: 1200 pm x 600 pm, height 
42 pm) . 



of the e-beam machine. The influence of the absolute placement and pattern 
error on the accuracy of the fill factor increases with decreasing period. If, for 
instance, a grating feature is inaccurate by 50 nm within the period of 500 nm, 
this leads to an error of the transmission value of 10%. 



Gray- Tone Lithography 

The gray-tone lithography uses a special mask that locally controls the trans- 
mission of the illuminating light in photolithography. Commercially available 
is the so called HEBS glass (High-Energy-Beam-Sensitive glass) [24-26]. Es- 
sentially, this is an ion-exchanged white crown glass with various additives. 
It contains silver-alkali-halide complex crystals, which have a size of about 
10 nm or less in each dimension within a sensitive layer of 3-10 pm thick- 
ness. Chemical reduction of the silver ions to clusters of atomic silver can 
be induced, for instance, by electron-beam exposure. Since the size and the 
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distance of the clusters are far below the exposure wavelength of lithography, 
they only induce a change of the complex index of refraction, but no stray 
light or propagating diffraction orders will appear. Caused by the presence of 
silver atoms, the absorption coefficient of the glass increases in a wide spectral 
range, which is observed as a darkening. Additionally, the glass is doped with 
special photoinhibitors, which increases the energy band gap of the otherwise 
photosensitive glass and allows the use of the darkened glass as a photomask 
for the photolithography (A > 350 nm). The achievable transmission values 
(relative to the unexposed glass) range from less than 0.01 to 1.0 at 365 nm 
wavelength. 

The principle of the gray-tone lithography is shown in Figure 22. At first, 
the gray-tone mask will be generated by an electron-beam exposure with 
a variable dose. The locally implemented electron dose controls the optical 
density of the mask, which can then be applied in photolithography. The 
big advantage over halftone masks is the possibility of using the HEBS glass 
mask in a mask aligner, which is a quite inexpensive tool. In the second step, 
the photoresist will be exposed by the illumination wave, the intensity of 
which was modulated by the HEBS glass mask. In dependency on the UV 
exposure dose, the dissolution rate of the resist will be controlled and finally, 
after development, the surface profile of the developed resist. To sum up, the 
final resist profile is controlled by the electron dose which was exposed to 
the HEBS glass mask. This dependency is shown in Figure 23 for different 
initial resist thicknesses of the AZ4562 photo resist (Clariant GmbH). Each 
calibration curve corresponds to a certain set of processing parameters, such 
as resist baking time and temperature, exposure time, and development time. 
Any change in the parameters influences the calibration and it needs to be 
measured prior to the fabrication of a desired surface profile. The maximum 
profile depth which can be achieved with a certain photoresist is limited by its 
viscosity, absorption, and sensitivity. As can be seen from Figure 23, with the 
AZ4562 resist a maximum profile depth of 65 p,m can be reached. With other 
materials, even deeper profiles are possible [27]. Some examples of fabricated 
refractive elements are shown in Figures 21b and 21c. 

As discussed in Section 2, the accuracy of the generated surface profile is 
essential for the fabrication of refractive microoptical elements, but it is im- 
portant for diffractive elements with a continuous profile too. Investigations 
of the HEBS glass have shown different effects which influences the accuracy 
of the fabricated profiles. Because of the dynamics of e-beam exposure of the 
HEBS glass, the local gray-tone is dependent not only on the electron dose 
but also on the method of exposing this dose [28]. This induces systematic 
deviations of the generated gray-tone distribution to the desired one in de- 
pendency on the exposed pattern. The final resist profile, therefore, will show 
a mask-induced roughness in addition to the intrinsic roughness of the photo- 
resist. Another effect which has to be considered is the correlation between 
the induced absorption of the HEBS glass and the change of the refractive 
index. For a transmission value of 0.01, the index change is about 10“ 2 . Thus, 
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Fig. 22. Principle of the gray-tone lithography with HEBS glass. 




Fig. 23. Dependency of the final height of the resist profile on the electron dose of 
e-beam exposure of the HEBS glass mask (calibration). Each curve represents the 
calibration for a certain set of process parameters. 



the gray-tone mask simultaneously modulates the phase of the illumination 
wave. 

However, the gray-tone lithography has developed to an established tech- 
nology for the fabrication of continuous surface profiles. The accuracy of fab- 
ricated elements is below 1% of the total profile depth, and for the array of 
spherical lenses in Figure 21b, the total deviation of the profile to the desired 
shape was only 0.3%. 



Laser Writing and e-Beam Writing 

As mentioned earlier, analog lithography also includes writing technologies: 
laser writing [29-32] and e-beam writing [33,34]. The equipment for both 
technologies is quite similar, as sketched in Section 3.1 and also the principal 
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method of exposure is the same. The beam can be focused into a tight spot at 
the resist surface or it can be the reduced image of an aperture. In the latter 
case, geometrical primitives (circle, rectangle, triangle) or even structural cells 
(e.g., part of a grating) can be exposed in parallel, which clearly decreases the 
exposure time. Furthermore, the beam has to be scanned across the substrate, 
and for this purpose, either the beam can be deflected or the x/y - stage with 
the substrate can be moved. Also, the combination of beam deflection in small 
working areas with table movement for larger distances has been realized. 
Control of the exposure dose can be achieved by dwell time or by layer addition 
(variable dose writing). 

However, due to the different physical nature of the exposing radiation, 
laser and e-beam writing differ in some principal parameters. For the focused 
beam, the minimal spot size as well as the depth of focus depend on the 
wavelength of the laser beam and on the electron energy for the e-beam, re- 
spectively. Since the laser beam has a spot size of about 100 to 500 nm, the 
electron beam may be focused to a spot lnm in size. The depth of focus 
depends on the NA (about 0.5 for laser writing and about 0.001 for e-beam 
writing) (Fig. 24). For the laser beam, it is a depth of about 1 pm, and for 
the e-beam, it is usually tens of micrometers. However, the electrons have a 
limited reach of several micrometers in the resist, while the light can penetrate 
the photoresist according to the absorption and the intensity. Exposure that 
causes bleaching of the photeresist can also increase the penetration depth 
of the light. Light-scattering effects in photoresists are negligible and do not 
reduce the resolution of laser writing, even in case of deep profile fabrica- 
tion in thick resist layers. The scattering of electrons is an essential effect. 
This scattering leads to significant blurring of the electron beam as it propa- 
gates through the resit layer and thus to a loss of lateral resolution. Finally, 
laser-beam writing and e-beam writing present different features for analog 
lithography. Laser-beam writing can be used for fabricating large profile depth 
(> 100 fxm) with a resolution behind the e-beam; e-beam writing can be used 
up to several micrometers profile depth (depends strongly on the electron 
energy) and shows very high resolution for shallow profiles (< 1 pm) only. 



3.4 Fabrication Methods for Multifunctional Surface Profiles 

Fabrication of multifunctional surfaces means the fabrication of a surface 
that can be divided into at least two functionalities descending from different 
classes (or subclasses) of optical pattern to be fabricated with different fab- 
rication methods. Such a strategy is known in principle from the hologram 
fabrication techniques, for which different exposures are added sequentially 
for different optical functions. For surface profile elements the challenge is 
to superimpose several structures that vary significantly in depth and lateral 
resolution. In the following, we give some ideas regarding the fabrication of 
such elements. 
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laser beam e-beam 




Fig. 24. Schematic comparison of the numerical aperture and depth of focus of 
a laser beam and an electron beam. The light penetrates the resist, whereas the 
electron beam has a limited reach. 



Pattern on Multilevel Profiles 

One version for combining different profiles is the use of a prestructured sub- 
strate for the multilevel element fabrication process described earlier. Such 
a strategy makes sense, for instance, if moth eye patterns for antireflection 
purposes are desired on a binary or multilevel pattern. Figure 25 shows this 
strategy and preliminary results. The moth eye pattern can be fabricated by 
e-beam writing or holographic techniques (e.g., NFH) and reactive-ion-beam 
etching into fused silica. After this follows the fabrication of the next coarser 
binary level that contributes to the final profile. If a four-height-level pattern 
has to be fabricated, it follows the last and coarsest lithographic level. Each 
etching step applied transfers the uncovered part of the previous profile fabri- 
cated into the substrate. Ideal would be an etching without any deformation 
of the uncovered profile. Therefore, this etching is an subject for optimization 
in any case [10]. 

Pattern on Continuous Profiles 

As mentioned earlier with respect to the reflow technique or analog pho- 
tolithography, it is possible to fabricate continuous surface profiles with a large 
depth and high accuracy. The reflow process is used to fabricate a minimal 
surface which has only small deviations to the desired surface profile. However, 
this property of the reflow process limits the freedom to fabricate arbitrar- 
ily shaped profiles. Much more freedom regarding the profile shape gives the 
gray-tone lithography. Nevertheless, high-resolution patterns on large depth 
continuous surfaces are impossible. The way out is to use the profiles fabri- 
cated by reflow or gray-tone lithography as a preform for further lithographic 
steps with a high resolution that is sufficient for the pattern to add [34-37]. 
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Fig. 25. Principle of the fabrication of a binary (multilevel) profile with a subwave- 
length structure on top. The second step of the binary profile fabrication can be 
repeated to generate a multilevel profile. 



This can be done on reflow fabricated preforms without problems. In contrast 
to the thermal melting, the photoresist remains sensitive to UV exposure af- 
ter the reflow process. This property makes the reflow process very attractive. 
Preforms fabricated by analog lithography with exposure depth control can 
be used for further lithographic steps as well. Exposure depth control is a 
version of analog photolithography described earlier. It uses the absorption 
in combination with the bleaching of the resist for controlling the exposure 
depth. With the development process, all of the exposed resist will be removed 
and unexposed resist is the profile wanted. 

An alternative method to make preforms sensitive for further lithographic 
steps, especially for e-beam writing, is an overcoating. Spin coating with op- 
timized parameters can be used, for instance. This might be helpful because 
resists for photolithography are not as good for e-beam lithography. 

Figure 26 shows examples of multifunctional surfaces fabricated. E-beam 
lithography features with high resolution and high depth of sharpness but 
laser writing can be used for less resolution pattern, too. 

Profile Correction 

On reflow preforms, analog photolithography can be applied directly onto the 
minimal surface in order to correct for the deviations. The advantage of this 
preform technique is an increased accuracy of the final element in comparison 
to the same element fabricated with analog photolithography only. This is due 
to the fact that the minimal surface is defined by the physical effect of surface 
tension. With the given base area and resist volume, it can be calculated very 
precisely. Because, in the second step, the analog photolithography has to 
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Fig. 26. Examples of multifunctional surface profiles: (a) refractive microlenses with 
a fresnel lens, (b) a linear grating, and (c) a diffractive beam shaping element on 
top. Pictures (b) and (c) courtesy of U. Zeitner, Fraunhofer IOF, Jena. 



realize a small profile depth, the profile error is small also. Thus, the total 
profile error is reduced to the error of the correction profile. 

For example, a beam-shaping element could be fabricated with the preform 
technique. In a first step, a reflow profile has to be fabricated that is as near 
as possible to the profile wanted. On this occasion, the variation freedom of 
reflow profiles should be exploited maximally. This includes preforms resulting 
from ellipse- or kidney-shaped footprints too [35,38]. 

4 Conclusions 

The goal of this chapter was to present the large variety of microstructure 
technologies for optical component fabrication. Nevertheless, only a small part 
of fabrication techniques and technologies for optics has been realized. Up to 
now, many elements have been fabricated for the practical demonstration of 
optical effects predicted theoretically or has been designed on the base of 
engineering. Also, industrial applications of microstructured optical elements 
exist for a long time and become more and more important. However, the 
breakthrough of this kind of optics is strongly connected with the quality and 
the costs of the elements, with compatibilities and with its system ability. 
With regard to this, there is certainly plenty of room for further activities 
and improvement. Especially nanooptics, not considered here but in Chapter 
10 by Jamois et al., will challenge the technology regarding feasibility and 
economic fabrication in the future. 
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1 Introduction 

For the fabrication of optical and microoptical elements like gratings, lenses, 
waveguides, zoneplates, computer-generated holograms, and so on, many dif- 
ferent fabrication technologies are available. Some of these elements are planar 
elements; that is, the optical function of such elements is realized by a thin 
planar layer containing special structures and/or materials. For the fabrication 
of such elements, lithographic technologies are employed very often. 

The interrelation between the function and quality of an optical element 
and the fabrication technology applied is important for the further develop- 
ment of optics. In the current chapter, we focus on this cross-relation for 
lithographic fabrication technologies. In a first part, an overview on several 
lithography methods is given. Then, laser-beam writing and electron-beam 
writing (as the two methods which are mainly used for commercial fabri- 
cation) are discussed in more detail. Finally, the current state of the art is 
shown. 

In the second part of the chapter, the advantages and drawbacks of lithog- 
raphy for the fabrication of optical elements are addressed. Since the devel- 
opment of lithography tools is actually strongly driven by the semiconductor 
technology, the differences between the semiconductor domain and optics are 
discussed from the lithography tool supplier’s point of view. 



2 Methods of Lithographic Pattern Generation 

Lithography as a technology for fabricating planar structures with dimensions 
ranging from millimeters to nanometers has developed in the last 30 to 40 
years as a powerful technology. Today, its main commercial application is in 
the semiconductor domain, and the techological development of lithography 
was strongly driven by the demands of chip manufacturing. This will certainly 
continue in the coming years. 
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Fig. 1. Principle of grating exposure by interference of two plane waves. 



In addition to semiconductor fabrication, lithographic methods are used 
in many other fields, like micromechanics, microoptics, or microbiology. How- 
ever, these applications are mostly research-oriented and usually not as strong 
a business as semiconductor manufacturing. Nevertheless, the question of writ- 
ing time is an important issue also for such applications because the fabrica- 
tion costs are always of concern. 

The question of exposure sequence is very important regarding both the 
productivity (writing time/throughput) and the flexibility of a lithographic 
technology. Several technologies exist where the entire pattern is exposed si- 
multaneously ( parallel writing techologies). This holds in particular for all 
mask-using technologies. As an advantage, complex patterns can be realized 
with a short exposure time. However, any change in the design of the pattern 
requires the fabrication of a new mask which is expensive and makes this 
technique quite inflexible. 

A parallel but maskless technology, which is very important for optics, is 
the fabrication of large gratings by holographic intereference. Two interfering 
plane waves generate an interference pattern which is used for exposing the 
resist on a substrate (see Fig. 1). The gratings are formed either by the result- 
ing surface profile (surface gratings) or by the change of the refractive index of 
the exposed material (volume gratings). As an advantage, with this method, 
gratings with very large areas (up to square meters) can be fabricated with a 
short exposure time. However, the realization of undisturbed plane waves with 
large extention (which are required to obtain error-free gratings) is extremely 
demanding, and the whole technology is limited to linear gratings. 

As an alternative to parallel methods, serial lithographic technologies can 
be used. The sequential fabrication and the nonexistence of any mask allow 
a very high flexibility and the realization of arbitrary designs. Thus, such 
techniques (often referred to as “direct writing”) are frequently used for optical 
patterns. The main problem of all sequential writing methods is the exposure 
time (i.e., the throughput), which essentially influences the fabrication costs. 
Thus, many approaches for througput enhancement exist. 
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Fig. 2. Laser-beam writing. (Courtesy of Micronic Laser Systems AB.) 

There are several direct-writing technologies using different kind of radia- 
tion for exposure, such as laser beams, X-rays, electron beams, and ion beams. 
However, the two mainly used methods nowadays are laser-beam writing and 
electron-beam writing, which will be briefly discussed. More detailed informa- 
tion on lithographic technologies can be found in Refs. [1] and [2]. 

2.1 Laser-Beam Writing 

Laser-beam writing tools use optical radiation with wavelengths in the visible 
or ultraviolet (UV) domain for exposure. The resolution (minimum feature 
size) is essentially influenced by the wavelength and the numerical aperture 
(NA) of the optics, which results in an ongoing shortening of the wavelength 
and an increase of the NA. Actual tools use wavelengths of 248 nm or 193 nm. 
There are several suppliers of laser writing tools for volume manufacturing 
applications. As an example, the basic principle of Micronic’s 0mega6000 
scanning lithography tool is shown in Fig. 2. Important here is the splitting 
of the laser beam into a bundle of independent beams, which enhances the 
througput considerably. 

Laser-beam writing was successfully applied for the fabrication of planar 
microoptical elements like gratings, fresnel lenses, and others, both using com- 
mercial systems or self-established setups [3,4]. 
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Fig. 3. Intensity distribution in the electron beam and exposure shot sequence for 
(a) Gaussian beam systems and (b) variable-shaped beam systems. 



2.2 Electron-Beam Writing 

Electron-beam (e-beam) lithography is established in semiconductor fabrica- 
tion as the technology for high flexibility and highest resolution. There are 
many suppliers for professional e-beam tools in the world (but this chapter 
focuses on Leica electron-beam writing systems). Additionally, for some scan- 
ning electron microscopes (SEMs), add-ons are available, enabling low-cost 
and low-level e-beam lithography, especially for R&D applications. Usually 
electron energies between 50 keV and 100 keV are used, although low electron 
energies Eq < lOkeV are sometimes employed for proximity-free lithogra- 
phy [5]. 

In general, there are two different approaches regarding the shape of the 
electron beam used for exposure: Gaussian beam systems and variable-shaped 
beam systems. Gaussian beam systems, which are basically similar to SEMs, 
use a circular beam with a Gaussian intensity distribution. The diameter of 
the focused electron beam is 2-5 nm for the best systems, enabling a very 
high resolution of the fabricated pattern. Feature sizes of less than 10 nm are 
possible [6,7]. The problem of Gaussian beam systems is the writing speed, 
because for exposing larger areas, a very high number of subsequent shots is 
necessary (Fig. 3a). 

For enhancing the throughput, electron-beam tools with a variable-shaped 
beam were developed. The electron beam is imaged into the target plane via a 
system of lenses and apertures. In the result, rectangular and triangular shots 
with variable size (up to several micrometers, depending on the system used) 
and orientation can be used for exposure (Fig. 4). In comparison to Gaussian 
beam systems, the number of shots is substantially reduced (see Fig. 3b). 

A further measure for throughput enhancement is the so-called “write- 
on-the-fly” principle. Here, the exposure is performed while the stage and 
substrate are continuously moving. The exact alignment of substrate position 
and beam position is realized by the beam-tracking system. With this method, 
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a) b) 



Fig. 4. (a) Principle of generating shaped electron beams; (b) using rectangular 
and triangular shots of arbitrary orientation for exposure of complex layouts. 



a considerable shortening of the exposure time can be achieved because the 
time for settling the sample stage (which is required in conventional “stop- 
and-go” exposure after each sample stage motion step) is completely saved. 



2.3 State of the Art 

The increasing demands of semiconductor technology resulted in a rapid de- 
velopment of lithography in recent years. The improvement of parameters 
includes the following items: 

• Resolution (minimum feature size) 

• Substrate size 

• Accuracy and stability parameters 

The best resolution can be obtained with Gaussian beam e-beam tools 
due to the very small spot size. Lines with dimensions of about 10 nm wide 
can be fabricated (Fig. 5). With variable-shaped beam tools, features between 
50 nm and 100 nm are realizable (see Fig. 6). For laser-beam writing tools, the 
minimum feature size is actually about 300 nm. 

In parallel, the size of the substrates has enlarged continuously. For 
electron-beam writing tools, a limitation is given by the size of the vacuum 
chamber where the substrate and sample stage have to fit in. Nevertheless, 
e-beam writing on substrates up to 300 mm is available today (Fig. 6). Com- 
mercially available laser-beam writing tools allow for even larger substrates, 
up to 70 in. diagonal. As already mentioned in Section 2, the holographic 
exposure is capable for very large areas up to square meters. 

The accuracy and stability of the lithography tools has improved as well. 
Most demanding application nowadays is the high-level mask writing, where 
writing times of 10 h and more for one single mask (130 nm node or 110 nm 
node) are typical. The question of accuracy will be discussed in more detail 
in Section 3.2. 
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Fig. 6. High-resolution shaped e-beam writing on 300-mm wafers (Leica SB350DW 
system, top right: 60 nm isolated line; bottom right: 70nm/170nm lines and spaces. 
Exposure courtesy of LETI-Grenoble.) 



3 Lithography and Optics 

The preceding sections have shown that microlithography nowadays is a pow- 
erful tool. It is widely used for fabricating optical elements ( [8-11] and chapter 
2) (Figure 7 shows one example) and is often the technology of choice, due 
to its advantages (flexibility, resolution, and accuracy). On the other hand, 
the use of lithography tools for microoptics also shows some obstacles and 
challenges. This is mainly due to the fact that lithography tools are more and 
more specially adapted to the demands of semiconductor fabrication. The 
questions of how the development of lithography for optics will proceed and 
which problems and tasks have to be solved along the way arise. The following 
sections will address this. 
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Fig. 7. Hybrid refractive-diffractive lens fabricated by electron-beam direct writing 
on a spherical profile obtained by melting. (Courtesy of Friedrich Schiller University, 
Jena.) 



3.1 The Semiconductor Road Map 

Although lithography is used in many fields besides semiconductor fabrication 
(like optics, micromechanics, biology, and others), the actual development of 
lithographic technology is strongly related to the semiconductor domain. For 
this, there are two main reasons: 

1. The semiconductor fabrication is a strong business and most commer- 
cial lithography tools are sold to customers in this area, whereas optical 
applications of lithography often still remain in the R&D state. 

2. For further technological development in the semiconductor domain, there 
is a clearly defined road map from where demands on and parameters for 
lithography tools can be unambiguously derived for the next years. In 
optics, there is no such road map. 

Compared to recent forecasts, the semiconductor road map has actually ac- 
celerated and became more aggressive (Fig. 8). For commercial suppliers of 
lithography tools this is a very challenging evolution. As a result, the develop- 
ment of lithographic technology in the future will be more and more adapted 
to the special demands of semiconductor fabrication. The versatility of lithog- 
raphy tools will partially vanish, and the price for such sophisticated tools 
will certainly rise considerably. 

3.2 Optics Versus Semiconductor Technology 

As we have seen in the last section, optical applications have actually no 
major influence on the development of lithographic technology. Thus, there is 
the question of whether optics at least may benefit from the semiconductor- 
driven development of lithography. 
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Of course, the improvements of lithography tools are, in general, advanta- 
geous for optics. For example, the enhanced resolution allows the fabrication 
of optical subwavelength features, and accuracy improvements result in optical 
elements with better performance and fewer errors. 

However, there are also many potential obstacles. Most of these issues 
arise from different requirements of semiconductor fabrication and optics. This 
include the following: 

• Substrate size 

• Substrate thickness 

• Shape and orientation of the pattern 

• Input data and data conversion for exposure 

• Profiles 

• Relation between function of the fabricated pattern and fabrication costs 

• Error budget 

• Characterization of the lithography tool performance 

The versatility loss which accompanies the increasing adaption of lithogra- 
phy tools to the special demands of semiconductor fabrication will certainly 
increase interest in such issues in the future. Some of the points mentioned 
above will be discussed in more detail now. 

Substrate Size and Thickness 

For semiconductor applications, the size and thickness of the substrates are 
higly standardized. This is due to the fact that for cost-effective mass fabri- 
cation, standardization is a “must” and the substrates were adapted to meet 
the demands of fabrication technology. In mask writing, the most common 
mask size is 6 in. but 4, 5, or 7 in. is used too. The wafer size for direct- writing 
applications ranges from 100 mm, or 150 mm, for GaAs wafers to 150 mm, 
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200 mm, or 300 mm for Si wafers. The thickness values are fixed according to 
the substrate size as well. 

The situation for optical applications is completely different. Usually, the 
substrates are not adapted to the fabrication technology. Instead, the size and 
thickness is defined by the application. This leads to a huge variety of sub- 
strates upon which lithography has to be performed, ranging from glass fibers 
(e.g., lithographic fabrication of gratings on the fiber core, or lens generation 
on the fiber end surface) on the “small” end to bulk large glass substrates 
for optical elements with extreme planarity requirements on the “big” end. 
All such substrates have to be mounted and handled in the lithography tool 
independent of size, thickness, and weight, with ultrahigh precision to meet 
the accuracy demands. 

In most cases, technical solutions exist to overcome this obstacle. However, 
in many cases, this would require special substrate holders and/or sample 
stages for the lithography tool. Thus, special solutions for such substrates 
would become very expensive. In the case of electron-beam lithography, there 
are additional limitations imposed by the size of the vacuum chambers, which 
further add to the problem. 

An alternative solution would be the use of standardized substrates also 
for optical applications. As a necessary precondition, this requires the early 
consideration of available substrate size and thickness values already in the 
definition phase for the function and parameters of the optical element. 



Shape and Orientation of the Pattern 

Most lithography tools are nowadays adapted for pattern writing in Carte- 
sian coordinates. (There are a few exceptions where special sample stages for 
polar-coordinate writing [12] or special writing strategies for overcoming the 
Cartesian limitations [13] were developed.) The Cartesian approach is based 
on the typical layouts in semiconductor fabrication, where the exposure pat- 
terns are usually rectangularly shaped, with borders parallel to the coordinate 
axes. Only occasionally do slanted lines with 45° tilt occur in such patterns, 
if at all. Figure 4b shows an example. 

Again, the situation is completely different for optical applications. Many 
applications require patterns with arbitrary tilt, such as linear gratings with 
varying orientation, or radial gratings for encoding wheels. Moreover, in optics, 
often curved shapes are employed (e.g., for waveguides, fresnel zone plates, or 
focusing gratings). 

For such arbitrarily slanted or curved pattern emerges the question of what 
is the best exposure strategy. Figure 9 illustrates this problem for the example 
of one zone of a binary fresnel zone lens showing some different strategies for 
exposure with circularly or rectangularly shaped beams. One can see that the 
number of shots is considerably different for the cases shown, which will result 
in different exposure times. On the other hand, there is also a difference in 
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Fig. 9. Different strategies for exposure of one zone of a fresnel zone lens with 
circularly [(a) and (b)] or rectangularly [(c) and (d)] shaped beams. 



the approximation quality of the curved border with the shots, which might 
influence the optical quality of the pattern. 

Whether or not such an interaction between exposure strategy and optical 
function becomes significant depends on the optical function of the element. 
For example, the positioning of the individual shots on a uniform grid in 
Figures 9a and 9c is probably insignificant in case of a fresnel zone lens. If 
the same strategy is applied for a curved or slanted grating, however, such a 
regular shot grid may result in undesired diffraction orders, and avoiding such 
a regular shot grid according to Figure 9b or 9d will result in better optical 
quality. This shows that there is no general rule for best exposure strategy 
in microoptics. The effects have to be considered and discussed depending on 
the specific optical function of the pattern. 

Relation Between Function of the Fabricated Pattern and 
Fabrication Costs 

In many cases, an optical application or function can be realized with different 
elements. For example, fresnel lenses, gratings, and similar elements can be 
realized as binary, multilevel, or continuous profiles. The choice of the profile 
determines the optical efficiency of the element, but it also influences consider- 
ably the fabrication costs (which is an important issue because lithography is 
usually not an inexpensive technology). Thus, there is no general rule for the 
choice of profile. Instead, for each specific application, an agreement between 
customer and manufacturer is necessary to find the best solution. 

Tool Performance 

For the evaluation of lithography tools in the semiconductor fabrication, a 
number of rather standardized tests has emerged. For example, there are tests 
on the following: 

• Placement accuracy: accuracy of placement (positioning) over the entire 
substrate 

• Butting accuracy: local position deviation between two patterns which 
abut on each other 
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Fig. 10. Placement accuracy of Leica SB350MW e-beam writer for a 140-mm x 140- 
mm area; the 3a - values are less than 10 nm. 



• Linearity: realized versus nominal pattern width for a predefined range 

(e.g., 500 nm to 5 pm) 

As an example, Figure 10 shows the results of a placement accuracy test for a 
Leica SB350MW shaped e-beam tool for a 140-mm x 140-mm measurement 
area. The maximum deviation is 12 nm and the 3a- values are 9nm in the x 
and y direction, respectively, which is a result well qualified for maskmaking 
for the 90-nm technology node. 

For optical applications, there is the question of whether such a lithog- 
raphy tool characterization is sufficient. In order to answer this question, we 
consider the following example of two gratings fabricated by electron-beam di- 
rect writing (Fig. 11). The gratings were fabricated simultaneously with iden- 
tical parameters, the only variation being the grating period, which differs by 
0.99 nm. After fabrication, the optical quality was investigated by measuring 
the diffraction spectrum in Littrow mounting. As can be seen in Fig. 11, the 
optical quality of the gratings differs considerably. For a period of 342.21 nm, 
noticeable grating ghosts are obtained, whereas the 341.22-nm period grating 
shows a nearly perfect spectrum. 

This effect depends on whether or not the grating period is well adapted 
to the lithography tool’s grid of addressable positions. In the example, there 
is a misadaption for the grating period of 342.21 nm (left plot in Fig. 11), 
which results in systematic shifts (position deviations) of individual grating 
lines and, thus, produces the grating ghosts experimentally obtained. For the 
grating period of 341.22 nm, there is a good adaption to the e-beam writer’s 
address grid and the grating ghosts are avoided. 
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Fig. 11. Diffraction spectrum of two gratings with slightly different grating periods 
measured in Littrow mounting. For a period of 342.21 nm, noticeable grating ghosts 
are obtained, whereas the 341.22-nm period grating shows a nearly perfect spectrum. 



The systematic position shifts mentioned are less than or equal to 1.25 nm, 
which is half of the address grid size of the lithography tool used in this 
example (Leica LION LV1 e-beam writer). Thus, the effect is rather small 
and would not become obvious in a placement accuracy test, as shown in 
Fig. 10. Such an effect is rather unimportant for semiconductor fabrication as 
long as the 3cr- values for position accuracy are in the specified range. However, 
for optical applications, this effect is obviously significant. 

The example, therefore, shows that the requirements to the lithography 
tool are different between microoptics and semiconductor fabrication and that 
standard test procedures from the semiconductor domain to evaluate a lithog- 
raphy tool are not in any case sufficient for microoptics. Furthermore, it is 
demonstrated that the optimum performance of the fabricated optical ele- 
ments requires an adaptation of the properties of the element and the litho- 
graphic technology, which can be achieved by a close partnership between the 
user and the supplier of the lithography tool. 



4 Summary 

Lithography is a powerful and widely used technology for the fabrication of 
optical elements. Optics benefits at this point from the continuous develop- 
ment and improvement of lithography tools, forced by the increasing demands 
of semiconductor fabrication. 

This trend will certainly continue in the future, but lithography tools will 
be adapted more and more to the special demands of semiconductor fabrica- 
tion and will partially lose its versatility. This causes challenges for optical 
applications, because the demands of optics on lithography are considerably 
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different compared to semiconductor fabrication. In some cases, the resulting 
obstacles can be overcome by a close collaboration between supplier and user 
of the lithography tools and the customer (i.e., the end user of the optical el- 
ements). Thus, the future development of lithography will result in prospects 
as well as challenges for optics. 
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1 Introduction 

In the last decade, the use of microoptical elements such as lens arrays, single 
microlenses, beam splitters, and beam shapers has been constantly increased. 
Such microoptical elements can provide new optical functions unknown in 
conventional opticals. However, in most cases these elements are only part of 
a complex optical system containing a number of different additional optical 
elements. To understand the response of the whole system, the design and 
modeling methods for the conventional optics and the microoptics have to fit 
together. In this chapter, we will look at the special effects connected with the 
use of microoptical elements and how they can be adequately modeled. We 
restrict ourselves here to the consideration of free-space microoptical systems 
and, thus, the extensive field of integrated microoptics is beyond the scope of 
this chapter. 

In Section 2, we summarize the consequences of miniaturization of optical 
elements on the overall system concept. Section 3 compares the commonly 
used modeling techniques, and in Section 4, some example systems are dis- 
cussed. 



2 Consequences of Miniaturization 

A huge number of applications may potentially benefit from the use of optical 
techniques. However, this potential gain is often only accessible if the optics 
has a sufficient small size and reasonable price. Conventional optics often does 
not match these two important points. The scaling of component and system 
size down to smaller dimensions can open the way to a larger field of applica- 
tions. This is a consequence of the fact that the transition from macrooptics 
to microoptics is not simply a scaling of size. The specific fabrication tech- 
niques developed for microoptical components offer a wide flexibility for the 
realization of optical functions not known from conventional optics. A popular 
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Fig. 1 . (a) Hybrid microoptical element combining a refractive lens and a diffractive 
beam shaper, (b) Injection molded optical block of a sensor head combining nine 
optical elements. 



example is the computer generated hologram [1,2]. Furthermore, there is also 
a strong impact of microoptics on overall system concepts. Proper combina- 
tions of fabrication techniques may lead to a high degree of integration. The 
optical tasks usually solved by different elements can be combined into one 
surface and the total number of elements in the system can be decreased. Fig- 
ure la shows such an example of a diffractive beam shaper integrated into the 
surface of a refractive microlens which has been realized by the combination 
of laser lithography and reflow technology [3] . In combination with replication 
methods complete optical systems can be mass fabricated in a cost-effective 
way. As an example, Figure lb shows an injection- molded piece combining 
the functions of nine optical elements. 

As a result, there are many applications that only became accessible for 
optical solutions via microoptics. However, the scaling of size and the addition 
of new functionalities also affect the methods necessary for theoretical treat- 
ment in design and analysis of the systems. The reason for this mainly lies in 
the change of the influence of different physical effects on the optical perfor- 
mance during the scaling process. Although typical feature sizes are reduced, 
the wavelength used often remains unchanged. Especially, the strength of re- 
fraction and diffraction change in their influence on the optical function. This 
will be demonstrated by the simple expample of the scaling of a lens with low 
numerical aperture (NA). The arrangement under consideration is sketched 
in Figure 2a. The lens shall have a constant NA of 0.05, but its diameter and 
focal length are scaled down from position 1 to 3. By calculating the intensity 
distribution onto the optical axis along the z direction in the surrounding 
of the focus position, we obtain the curves shown in Figure 2b for the three 
different nominal focal lengths fa = 1.6 mm, fa = 0.8 mm, and fa = 0.4 mm. 
As can be seen, the position of the highest intensity moves toward the lens 
as the lens size decreases. This cannot be explained if only refraction at the 
lens surfaces is taken into consideration. This effect is caused merely by the 
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Fig. 2. (a) Arrangement for investigation of the lens-scaling effect and (b) corre- 
sponding change of focus position for a constant numerical aperture of 0.05. 



increasing influence of diffraction at the lens aperture. The edge of the lens 
acts like the zone of a Fresnel zone plate and thus, delivers an additional op- 
tical power to the lens. This diffractive power increases as the lens diameter 
decreases. In most cases of practical relevance, the optical function has to be 
treated as a superposition of both physical effects - refraction and diffraction. 
The modeling techniques used for design and analysis of microoptical systems 
must take care of this. 



3 Common Modeling Techniques 

In order to get some rough ideas about the validity of the different approaches, 
we first have to made some systematic considerations about the crucial points 
in the modeling of light propagation through a microoptical system. For this 
purpose, we do not care about the light sources itself, but start the considera- 
tion with an electromagnetic field given at the entrance of the system. Inside 
of the system, we have to distinguish between the modeling of propagation 
through homogeneous media and the interaction of the field with elements or 
surfaces. The most common techniques for the modeling of these two cases 
are ray tracing and a wave-optics approach. However, both have different 
strengths and weaknesses in the two modeling regions. 
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3.1 Ray Tracing 

The method of ray tracing is based on the solution of the eikonal equation, 
which can be derived directly from Maxwell’s equations under the assumption 
of very large values of fco = 27r/A, with A being the wavelength [4]. As stated 
in Ref. [4], this approximation is justified in cases where the changes in E 
and H are small compared with the magnitudes of both fields over domains 
whose linear dimensions are of the order of A. Consequently, the fields behave 
locally as a plane wave. For the modeling of optical systems, these plane 
waves are represented by rays whose propagation directions are given by the 
local directions of the pointing vector S. In isotropic media, this direction is 
coincident with the direction of the k- vector of the local plane wave E i , given 

by 

E; = Aexpjikr}, (1) 

with A being the local field amplitude. For the sake of simplicity, we restrict 
ourselves in the following to the case of isotropic media and, thus, the consid- 
eration of the k - vector is sufficient. The light rays are, therefore, orthogonal 
to the geometrical wave fronts. 

In the case of propagation through homogeneous media, the direction of 
the fc-vector remains unchanged and the position of the ray after a certain 
propagation distance can be calculated by simple geometrical considerations. 
If absorption or amplification is neglected, the energy carried by the ray re- 
mains unchanged, too. 

In the surrounding of inhomogeneties in optical systems, the directions of 
the k - vectors at the different positions on the wave front changes according 
to the certain form of the inhomogeneity. For the case of highest importance, 
which is the steplike change of the refractive index at a smooth surface sep- 
arating two homogeneous media, the behavior of the fc-vector can be either 
derived directly from the eikonal equation or by assuming local plane inter- 
faces and using the Fresnel equations. 1 The advantage of the second approach 
is the possibility to include energy changes due to Fresnel losses. For the 
change of the ray direction, we obtain, in both cases, the laws of refraction 
and reflection: 



rii sin Oi = const., (2) 

e 1 = TT- e 2 , ( 3 ) 

respectively, with Oi being the angle between the ray and the local surface 
normal in region i. 

Many optical functions in microoptics are realized by microstructured sur- 
faces. These have naturally strong surface profile variations and cannot be 

1 For a number of different smooth inhomogeneities, the behavior of the rays also 
follows directly from the eikonal equation. These cases will not be considered here 
in more detail because they are of minor significance for the understanding of the 
role of ray tracing for the modeling of microoptics. 
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considered as local plane interfaces. Furthermore, the fields interacting with 
such elements can also not be considered to have a plane wave front locally. 
Typical examples of such elements are gratings and diffractive structures. 
Usually, the method of ray tracing breaks down at such inhomogeneities. Of 
course, there are special cases in which a new direction of the fc-vector after 
interaction with the surface can be calculated by a proper model. An example 
is a structure for which the local inhomogeneity can be approximated by a 
local periodic structure. Then, the direction of the fc-vector follows from the 
known grating equation according to 

ri2 sin 62 — ni sin 6\ = (4) 

V 

for the one-dimensional case, with m being the diffraction order and p the local 
period. However, even for this case of local periodicity, the new wave front is 
represented by a number of plane waves or diffraction orders having different 
propagation directions or k- vectors. In some cases, only one direction is of 
interest for the further propagation through the system. Furthermore, detailed 
information about the distribution of energy between the diffraction orders 
cannot be obtained by this simple approach. In addition, for certain elements 
such as computer-generated holograms, a local periodicity is often not existent 
and, as a consequence, a change of the fc-vector is hard to calculate. 

Although in most cases of practical interest in conventional optics the 
assumption made during derivation of the eikonal equation mentioned at the 
beginning of this section is completely adequate in the field of microoptics, 
naturally the number of cases where it fails increase. In general, one can state 
that ray tracing is approaching difficulties in cases where strong local changes 
in the field amplitude and phase occur and thus, fields and surfaces can no 
longer be considered a local plane. 

3.2 Wave-Optics Representation 

The validity problems of ray tracing mainly arise from the fact that diffraction 
phenomena during propagation of the fields are not considered for the single 
rays. To include this, one must use a propagation operator for fields other 
than the simple geometrical consideration of ray directions. Examples are 
the well-known propagation operators for wave propagation in homogeneous 
media. The most popular ones are the angular spectrum operator and the 
Fresnel wave-propagation formula [5]. These operators are used to calculate 
the evolution of the spatial dependency of a spatial field component U(x, y , z) 
as it propagates a certain distance Az through the homogeneous medium. 
It has to be stated clearly here that these operators are not restricted to 
scalar considerations, but can easily used for vectorial field treatments. For 
most practical cases of C7(x, y , z), these formulas cannot be solved in a closed 
analytical form and numerical methods have to be applied. For this purpose, 
the complex field amplitude is usually discretized on sample points located 
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Fig. 3. Different methods for representation of fields and surfaces or elements for 
ray-tracing and wave-optical approaches. 



on a regular mesh. The resulting data volume is much larger compared with 
the number of parameters required for a ray-tracing approach, because one 
single ray at a certain position also contains information in its k - vector about 
the surrounding wave- front area (see Fig. 3). Often, powerful computational 
equipment is needed to handle this required data volume and perform the 
wave-optical analysis with sufficient accuracy. 

One more general problem for the wave-optical approach is the treatment 
of the interaction between fields and inhomogeneities. There is no general 
method existent and a separate model for each surface type has to be used. 
For very few cases, a rigorous or even analytic expression exists. The best 
known example is the interaction of plane waves with plane surfaces expressed 
by Fresnels formulas. The interaction of plane waves with periodic structures 
can be handled, for instance, by so-called Fourier-expansion methods in a 
rigorous manner [6]. However, for most other surface types, certain more or 
less serious approximations have to be made in order to be able to handle 
the interaction problem. A very simple and handy method is the so-called 
thin-element approximation. In this approximation, the optical element un- 
der consideration is mathematically enclosed by two planes which itself are 
oriented perpendicular to the optical axis which is directed along the z axis. 
Then the optical path between the two planes is calculated along the z di- 
rection and converted into a phase function (p e (x,y) for each (x,y) position. 
Absorption is included by a proper real amplitude t(x,y). As a result, one 
obtains the complex transmission function 

T(x,y) = t(x,y)e 3Ve( - x ’ y '>, (5) 

and the transmission of U(x, y , z) through the element can be expressed by 
U(x,y,z + ) = T(x,y)U(x,y,z-), (6) 
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with and z+ being the positions directly in front and directly behind the 
element, respectively. Equation (6) can easily be inverted, which is the big 
advantage of the thin-element approach, especially in design procedures. How- 
ever, it becomes obvious that diffraction effects and position changes of wave- 
front parts during propagation inside the element are completely neglected. 
Thus, in most cases, the thin-element approximation represents even more of 
a simplification than the ray-tracing approach. In the examples section of this 
chapter we will see that by a proper extension of the thin-element approxi- 
mation, this drawback can be overcome; however, this is usually achieved by 
an enormous increase of computational power. 

Other modern techniques try to tackle the overall analysis of optical sys- 
tems by a combination of wave-propagation methods outside inhomogeneous 
regions and a ray-tracing approach for the interaction at surfaces. Exam- 
ples are the so-called local-plane-wave and local-plane-surface approxima- 
tions [7,8]. The numerical difficulty in these methods is the proper conversion 
between the sampled complex amplitude and a ray-based representation of 
the fields without loss of accuracy and introduction of numerical artifacts. 
Other methods try to include the effects of surfaces and elements by tracing 
a bundle of test rays through inhomogeneous regions and calculate effective 
propagation lengths, phase aberrations, and magnification factors, which then 
are combined to an effective transmission operator and applied to the inci- 
dent field U (x, y,Z-). All of these methods have their own validity range and 
the user has to choose the parameters of the simulation very carefully. Often, 
only direct comparisons between different techniques show failures or a lack 
of accuracy. 

3.3 Strengths of Both Methods 

We briefly summarize the strengths of the two approaches discussed in the 
preceding subsections. 

Ray-based approaches have their strengths in the following points: 

• Interaction with smooth surfaces 

• Relatively low number of parameters required for modeling of wave fronts, 
resulting in the following: 

- Simple merit function definition for imaging applications 

- Fast calculation and optimization 

- Fast tolerancing 

On the other hand, the wave-optics representation of fields and components 
by complex amplitudes has its strength in the following cases: 

• Consideration of diffraction and interference (important especially for non- 
imaging systems) 

• Treatment of strongly modulated and arbitrary phase and amplitude pro- 
files 
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focusing homogenized 




Fig. 4. Sketch of the optical arrangement for homogenization of a LED-illumination. 
The light going through each lens of the array is equally distributed over the whole 
illuminated area. 



From the above discussion of the different methods, it becomes clear that 
for the cases of microoptics modeling and design, a clear choice between either 
of the approaches is far from being wise. Instead both methods are needed in 
parallel. The particular choice of the proper modeling technique for a certain 
part of a microoptical system is not only influenced by the system itself but 
also by the boundary conditions of the application such as required resolution, 
efficiency, and so forth. 



4 Examples of Modeling for Microoptical Systems 

The following examples are chosen to demonstrate some differences of the 
discussed modeling methods for microoptical systems design. 

4.1 Homogenization of LED Illumination 

The use of microlens arrays in optical systems for homogenous illumination 
of line foci or rectangular areas is a well-known technique (see, e.g., Ref. [9]). 
Figure 4 shows a sketch of a corresponding optical arrangement containing a 
light source with collimation, the lens array for homogenization, and a focusing 
lens performing the superposition of the light coming from different lenses 
in the array on the screen. The working principle is explained in detail, for 
example, in Ref. [10]. Here, we will focus on the modeling of such systems 
for use with light emitting diodes (LEDs) as the light source. In contrast to 
laser sources, LEDs have very different characteristics of the emitted light 
fields, which are the result of the completely incoherent light generation in an 
extended spatial region of typically some 100 pm x 100 pm in area. The spectral 
bandwidth of the emitted light is usually zIAfwhm = 20 to 100 nm. Such 
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Fig. 5. Homogenization of an LED source with a single lens array: (a) ray-tracing 
analysis and (b) wave-optical analysis together with measurement results. 



sources can usually be modeled well by ray-tracing methods. Here, we used a 
commercial ray-tracing program for estimation of overall systems parameters 
such as collimation lens diameter d c = 7.5 mm and focal length f c = 5 mm, size 
of the lenses in the array ( d a = 0.2 mm) and their focal length f a = 0.9 mm, 
and the focal length // = 100 mm of the focusing lens. The size of the LED 
emitter is 1.2xl.2mm 2 . Figure 5a shows a cross section of the calculated 
intensity distribution on the screen. As can be seen, the ray-tracing calculation 
predicts a good performance of the homogenization. The slight broadening of 
the illuminated area is caused by the finite extension of the light source. 
Spherical aberrations of the array lenses result in a weak decrease of the 
intensity outside the center. 

If we now analyze the complete optical system with a wave-optical ap- 
proach and include all parameters of geometry and light source, we end up 
with a different result, as shown in Fig. 5b. In addition to the broadening 
caused by the extended source, we observe a number of other effects: 

• Diffraction at the aperture of the single array lenses causing the strong 
low-frequency modulation of the homogenized distribution 

• Diffraction at the gratinglike lens arrangement in the array causing the 
high-frequency modulation in the center 

• Spectral bandwidth of the LED causing the finite extend of the high- 
frequency modulation 

• Aberration of the array lenses causing the increased average intensity in 
the center 

As can be seen by direct comparison with corresponding measurement results, 
these effects can be modeled in a realistic manner. However, due to the oc- 
curring diffraction effects, the overall system behavior is far away from being 
ideal. This can be changed by a simple extension of the optical arrangement: 
The single lens array is replaced by two identical lens arrays spaced at exactly 
their focal length f a as depicted in Figure 6a. The result of the wave-optical 
analysis and the corresponding measured intensity distribution shown in Fig- 
ure 6b is now much closer to the ideal homogenization. The source-extension 
broadening is compensated as well as the disturbing effects of diffraction at 
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Fig. 6. (a) Tandem-arrangement of two identical arrays and (b) wave-optical anal- 
ysis of the corresponding homogenization behavior together with measurement re- 
sults. 




free-space 

propagation 



Fig. 7. Sketch of a method suitable for the modeling of wave propagation through 
thick elements. 



the aperture of the array lenses. The influence of the lens aberrations is much 
weaker than for the single-lens-array system. For this arrangement also the 
ray-tracing calculation gives correct results. 

4.2 Wave-Optical Propagation Through Thick Elements 

As mentioned in Section 3.2, wave-optical modeling methods often have some 
difficulties in describing the propagation through elements or surfaces with a 
significant extension in propagation direction. In many cases, the simple thin- 
element approximation is not appropriate and gives incorrect results. However, 
this approximation can be extended to the so-called wave-propagation method 
(WPM) [11]. The main idea behind this method is to consider the thick opti- 
cal element as a stack of different thin elements with thickness Az. These thin 
slices can then be successively modeled according to Eq. (6) combined with a 
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Fig. 8. Cross section of the calculated amplitude distribution for the propagation 
through a ball lens. The Gaussian input wave is transmitted through a 1 to 5 beam- 
splitter grating before entering the lens. 



propagation step along a distance Az. The method is sketched in Figure 7. An 
important point which has to be included in the propagation steps is the con- 
sideration of the different effective wavelengths A e ff = Ao jn inside and outside 
the element. If the step length Az is chosen small enough (e.g., Az < A), this 
can be performed by dividing the current wave front into a part completely 
outside the element and a part just entering the element during the step or al- 
ready being inside the element. The two wave- front parts are then propagated 
separately along Az with the respective A e ff and combined afterward yielding 
the new wave front at the end of the current step. By successive application of 
this method, the incident wave can be propagated through the whole element. 
Besides the fact that a rigorous propagation operator is used and therefore 
the WPM is a powerful extension of purely paraxial propagation methods, 
there are still limitations in its validity at extreme incidence angles. This is 
because the boundary conditions for the vectorial field components at surfaces 
are usually not considered in the stepwise propagation procedure. The field 
components are, instead, treated as if they do not couple with each other. 

As an example, Figure 8 shows the focusing of a Gaussian beam transmit- 
ted through a 1 to 5 beam splitter with a ball lens of 1 mm diameter. Depicted 
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is the cross section of the amplitude distribution along the z-axis. The beam 
splitter grating is considered to be a thin element and the lens is modeled with 
the WPM. It can be seen that the amplitude distribution changes significantly 
during the propagation inside the element due to diffraction and interference 
effects. Also an image field curvature is observable (dashed curve) which is a 
non-par axial effect. These effects could not be handled adequately with only 
the thin element approximation. 



5 Conclusion 

Due to today’s fast development, microoptic technologies gain attention for 
more and more applications. Optical systems, in general, tend to become 
smaller, less expensive, and/or more efficient. Such optical systems containing 
elements with feature sizes in the range far below 100 pm often require differ- 
ent design tools or at least combinations of tools are necessary. In the present 
chapter, we try to give a short overview about some of the most common tech- 
niques used in microoptics design which are based on ray-tracing and wave- 
optics approaches. Both methods have different strengths and shortcomings. 
Unfortunately, sometimes it is difficult to notice a failure of a specific mod- 
eling technique. Definite, easy usable, and always applicable rules of thumb 
for the method of choice for a particular design problem cannot be given. Mi- 
crooptic system design often requires a certain amount of experience with the 
optical and numerical problems which may occur. However, as we have shown 
by some examples, most of the difficulties of a particular modeling technique 
can be overcome by an appropriate extension of the method or combinations 
of different approaches. 
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The first ideas of photonic waveguiding on the basis of total internal reflection 
date more than one century back. Glass fibers with losses of about 20dB/km - 
the proof of feasibilty from the telecommunication point of view - was demon- 
strated in the early 1970s, the idea of an integrated optics (i.e., of photonic 
circuits on the basis of chip technology) was born at the same time [1]. The 
development of optical long-haul transmission lines for telecommunications 
and, in recent years, of optical transparent optical networks acted as the main 
technology driver of photonic waveguides and circuits. Driven by the ongoing 
explosion of the Internet, the development of optical low-cost components will 
be crucial for the future development of the telecommunication and data com- 
munications markets. With the increasing maturity of the photonic technolo- 
gies, an increasing number of new applications such as optical frame-to- frame 
and board-to-board interconnections and sensors for metrology, medical and 
biochemistry become feasible. 

The complexity of photonic circuits, which is indicated by the number 
of built-in devices, increased significantly during the last years. For exam- 
ple, reconfigurable optical ADD/DROP multiplexers (OADMs), which allow 
for adding and/or dropping one or several wavelength division multiplexing 
(WDM) channels, were integrated on a single chip. The impact of photonic 
integration becomes obvious if one considers that such devices replace one or 
more plug-in modules in a rack when configured in a conventional, hybrid way. 
Although these developments remain crucial for the provision of a further in- 
creasing bandwidth inside the world-wide communication networks, especially 
for the more cost-driven segments such as metro networks and campus back- 
bones, the degree of integration is (and will be) small in comparison to that 
of mainstream microelectronic circuits. 

Many of the isolated devices are, in contrast to those of microelectronics, 
of high complexity. For example, the phase shifter of an advanced arrayed 
waveguide gratings (AWGs) being able to multiplex and demultiplex 40 (and 
more) wavelength (WDM) channels consists of several hundred waveguides 
whose lengths exhibit tolerances of only a few nanometers. 
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Most photonic waveguide devices and the circuits built up from them oper- 
ate in an essentially analog mode (i.e., the operating point varies continuously 
with the device parameters, which, in turn, are sensitively affected by the fab- 
rication process). 

For a long time, optical fibers as well as integrated photonic waveguides 
and circuits were realized using low-contrast refractive index profiles. The 
typical refractive index contrast at a dielectric interface is | An| < 10 -2 . This 
layout strategy was mainly driven by the ease of fabrication (i.e., by keep- 
ing the effect of surface roughness on the insertion loss and the operation of 
devices small). Unfortunately, low-index-contrast waveguides require radii of 
curvature in the order of centimeters and turned out to be one of the greatest 
obstacles in order to reduce the chip sizes and thus the unit cost of integrated 
photonic devices and circuits. Consequently, we observe currently a clear trend 
to waveguides and photonic circuits based on a high refractive-index contrast 
| An | = 0.01 to 2.5. In comparison to the classical layout, the new devices and 
circuits exhibit a chip size reduced by orders of magnitude. Since the reduc- 
tion in size is accompanied by a significant increase of birefringence, the need 
for advanced modeling tools that take into account the analysis of vectorial 
effects becomes an urgent topic. 



1 Computer-Aided Engineering 

To illustrate the modeling environment of photonics, we will examine the 
complete scenario of computer-aided engineering (CAE) of a chip technology. 
The essential tasks of computer-aided engineering (see Fig. 1) are currently 
modeling and preparing layouts for the fabrication of components. 

• Process Modeling : covering both the numerical analysis of the fabrication 
processes and equipment used for the fabrication 

• Device Modeling : the low-level analysis of the optical field inside an optical 
component as well as the analysis of the interaction with the electrical field 
in optoelectronic components 

• Circuit Modeling : the higher-level analysis of the operation of a set of 
devices connected within a photonic circuit 

The modeling path starts from the physical layout of a component (i.e., 
from a model of the device defining both geometry and materials). In a first 
step, the process modeling will yield the device description (e.g., a directional 
coupler), providing its geometry and materials (e.g., the refractive index pro- 
file). The subsequent device modeling (e.g., the beam-propagation method) 
analyzes the functional behavior of the device starting from this description. It 
forecasts a set of device parameters (for microelectronics: SPICE parameters) 
describing the operation of the device within a circuit or any other composite 
structure. The layout path (CAD), in contrast, starts from the system design. 
The physical description (i.e., the true mask data of the chip) is worked out 
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Fig. 1. Software environment for CAE. 



from the system design by using one - for microelectronics more - interme- 
diate level of circuit descriptions. It should be noted that these two paths of 
CAE are to a large extent independent of each other. 

The acceptance of design and modeling as an essential part of the pho- 
tonical development process is no longer at issue. Especially, the product de- 
velopment of photonic devices and circuits is increasingly accompanied by an 
extensive modeling of their properties in order to reduce the number of expen- 
sive and time-consuming development cycles. In parallel, the design engineers 
are faced with the following, increasingly challenging modeling tasks: 

• Visualization 

The visualization of the optical field inside an integrated optical component 
irrespective of the accuracy of the underlying results was the first goal of 
integrated optical design modeling, especially of the beam propagation 
method developed in the early 1980s. The visualization of vectorial fields 
and true phase fronts is a task that is still ongoing. 

• Numerical Experimentation 

Device modeling, in particular the analysis of propagation in either time or 
frequency domain, can be regarded as a computational experiment where 
each run corresponds to one experiment. Although scanning near-field mi- 
croscopy allows one to trace the optical field inside a device, representing 
a quantum leap in optical imaging, it is still much easier to analyze the 
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effect of specific stimuli on the optical field inside a hybrid device or an 
integrated optical chip numerically. 

• Backtracking 

In order to debug devices and circuits, there is an increasing interest to 
trace back the operation of a fabricated device in order to assess the influ- 
ence of manufacturing deviations on the operation by simulating the truly 
manufactured devices with all of their deviations (“technology shortcut”). 
Simulators used for backtracking must be able to resolve local deviations, 
which are typically one or more orders of magnitude smaller than the de- 
vice under investigation. Examples of such deviations are local defects, 
displacements, and inhomogeneities. In contrast to the more qualitative 
modeling tasks formulated above, backtracking relies on modeling tools 
which allow one to investigate multiscale structures with high, at least 
relative, accuracy. 

• Tolerancing 

The reduction of fabrication tolerances is one of the primary tasks within 
the design of analog devices and circuits. The requirements for tolerancing 
include those of backtracking. In addition, it becomes crucial to offer fast 
solvers - tolerancing is usually based on a large number of computations 
- which allow for the interfacing of multipurpose statistical tolerancing 
tools already in use in industrial application. Tolerancing is not limited to 
the low-level device modeling but also applied to find the tolerances of the 
parameters determining the operation of composite photonic devices and 
circuits. 

• Parameter Forecasting 

Parameter forecasting represents the most challenging discipline of mod- 
eling. Driven by the economic impact, companies all over the world aim 
at a first-pass design of their products. A successful first-pass design of an 
analog device relies on solvers exhibiting a high absolute accuracy which 
can be - at least a posteriori - controlled. The availability of highly accu- 
rate input parameters for the device modeling (i.e., a sufficiently detailed 
knowledge of the fabrication processes) usually form the crucial obstacle 
preventing a successful implementation of a first-pass design. 



2 Device Modeling 

Device modeling covers a set of tools and methods which help to analyze the 
behavior of active and passive devices on lowest level (i.e., by computing the 
optical field inside the device). It includes the eigenmode analysis delivering 
input parameters for the subsequent circuit analysis and/or the layout of opti- 
cal systems for fiber-to-chip coupling as well as propagation-oriented methods 
used to study the behavior of a device by computational experiments (e.g., 
by the excitation with specific stimuli). 
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The increasing use of device modeling in an industrial environment still 
generates a growing demand for solvers which are able to analyze the finally 
fabricated waveguide structures with a sufficiently high accuracy. In particu- 
lar, this includes the following: 

• The computation of modal gain and loss for inhomogeneously pumped 
lasers and amplifiers 

• The analysis of leaky waveguide structures such as curved waveguides or 
waveguides separated by a buffer from a high-refractive-index substrate 

• The derivation of design rules for the placement of metallic structures (e.g., 
heaters) 

• The more accurate computation of polarization-dependent losses and prop- 
agation constants for both fibers and integrated optical devices 

• The analysis of parasitic effects such as stress and heat flow on waveguides 

• The computation of eigenmodes of full 3-D resonators especially for active 
components (e.g., vertical cavity surface emitting lasers) 

Device modeling is based on a variety of mathematical techniques, includ- 
ing finite differences, finite elements, mode matching, method of lines, plane- 
wave techniques, and several techniques using equivalent sources [2-6]. The 
availability of feasible, more accurate descriptions of the chromatic dispersion, 
temperature dependence, and gain/loss for the material systems [7-11] turns 
also out to be crucial for the success of device modeling. 



2.1 Eigenvalues of Simple and Composite Waveguide Structures 

The eigenmode analysis of waveguides and waveguiding structures is the 
generic task of a component designer in order to get information about the 
discrete spectrum of eigenvalues of the waveguide structure. For a long time, 
the interest of designers was concentrated on the fundamental mode and/or 
a few excited modes. The eigenmode analysis was usually restricted to the 
case of power conservation; the influence of gain and loss was incorporated 
via confinement factors (i.e., on the level of a first-order Rayleigh-Schrodinger 
perturbation theory). In contrast to microstrip lines [12], optical waveguides 
are open (i.e., not enclosed by a metal boundary). 

For visualization reasons, the numerical calculation of eigenvalues by us- 
ing equations for the transverse field components is superior, since the optical 
waves propagating through typical waveguide structures are “nearly” trans- 
verse; that is, the transverse field components mainly determines the shape 
of the optical field. In addition, the calculation of eigenvalues relies typically 
on the magnetic field H t since at optical frequencies the transverse magnetic 
field is continuous in the transverse plane. 

The canonical eigenvalue problem delivering the relative permittivity e m 
and the amplitude of the vectorial field or one of its components f( m )(r*) is 
given by 
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WW(rt) = e m f W (r t ), (1) 

where H stands for the Helmholtz operator describing the waveguide struc- 
ture. The following list shows the most popular formulations of the eigenvalue 
problem [13-17] for different types of waveguides in comparsion. 

• Vectorial Formulation 

The vectorial formulations of the eigenvalue problem in terms of the two 
transverse field components h[ m \r t ) and e^fo) 

= i [At + fcgc(rt) + (V t In e(r t )) xV.x], (2) 

K 0 

= 7^2 [At + k 2 0 e( r t ) + V t (V t In e(r t )) • ] (3) 

K 0 

represent the most popular rigorous formulations of the eigenvalue prob- 
lem since they always deliver the dominant field component, avoid spu- 
rious solutions, and offer computational efficiency by relying on the cou- 
pling of only two field components. Equation (2) is usually prefered since 
the transverse magnetic field components are continuous in the transverse 
plane. Nevertheless, for some numerical algorithms such as finite-element 
solvers based on edge elements, it is superior to solve the full 3-D vec- 
torial Helmholtz equation and remove the spurious solutions numerically. 
The competing E z /H z formulation is only rarely applied today since it 
delivers the (nondominating) longitudinal field components. 

• Semivectorial Formulation 

The semivectorial formulation of the eigenvalue problem represents an ap- 
proximation for waveguide structures based on a slablike structure deliver- 
ing only the dominating field component. Equation (4) is used to compute 
the transverse electric (TE) modes (also HE modes) whose electric field 
runs parallel to the layers; Equation (5) describes the transverse magnetic 
(TM) modes (also EH modes) whose magnetic field runs parallel to the 
layered waveguide structure. 
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Both equations are formulated in terms of the magnetic field components 



h (rt) and hy 71 (rt), which are both continuous over the transverse plane. 
The inaccuracy of the computed eigenvalues and eigenmodes imported by 
this approximation is unknown up to now. 

• Scalar Formulation 

The scalar formulation of the eigenvalue problem, that is, the use of the 
scalar Helmholtz equation 
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Ws — -j~2 [At + fco 6 ( r t)] ^ (6) 

fully neglects the effect of polarization. In consequence, the scalar formu- 
lation aims at the analysis of any vector component t ) of a weakly 

guiding waveguide structure. Based on the computed results, the error 
caused by this approximation can be estimated a posteriori by regarding 
its results as a reference solution for a subsequent Rayleigh-Schrodinger 
perturbation expansion in terms of the vectorial character. 

• TE/TM Formulation for Slab Waveguides 
Equations (7) and (8) 



r ^2 
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dx 2 
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(8) 



correspond to the rigorous TE and TM formulations of the eigenvalue 
problem for an arbitrarily layered waveguide in terms of the transverse 
field components ey Tl \x) and h^ n \x), respectively. 



Some photonic eigenvalue problems 

OF< ro >(r t ) = 



( 9 ) 



are inverse; that is, the solution of the eigenvalue problem delivers the fre- 
quencies or the vacuum wavevectors k q 7 ^ for a given effective permittivity 
(or wavevector). The computation of the band structure of photonic crys- 
tals [18-20] 



Oh — (V + iq) x 



UW 



(V + iq) x 



(10) 



represents a prominent example of that kind. For lossless structures, the in- 
verse formulation of the eigenvalue problem represents a minor issue, since the 
inversion of the waveguide dispersion k^ (q) at a given propagation direction 
(q/|q|) does not require a significant computational effort. For the complex 
case, however, the inverse formulation leads to physically meaningless complex 
eigenfrequencies which have to be converted into real values by introducing 
appropriate complex wavevectors for each band of the band structure. Obvi- 
ously, this procedure results in an additional numerical effort. 

The control over the accuracy of the eigenmodes and the associated effec- 
tive permitivities is gaining importance for the application of the numerical 
tools in an industrial environment, especially in critical parameter regions 
leading to nearly degenerate eigenmodes, eigenmodes close to cutoff, and sin- 
gularities in the computed fields. To roughly assess the accuracy of the eigen- 
values, it is an established strategy for algorithms based on sampling such 
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Fig. 2. Convergence behavior of a finite-element solver [21] illustrated by using 
the fundamental (diamonds) and first excited (boxes) eigenmode of a strip-loaded, 
weakly coupled directional coupler. 



as finite differences or on an expansion into local or global functions such as 
finite-element methods or plane-wave expansions to plot the approximated 
eigenvalue or a derived expression over the inverse number of unknowns (i.e., 
over the inverse number of sampling points or functions used to approximate 
the eigenvalue). For the vectorial Helmholtz equation (2), Figure 2 (top/right 
axes) shows for illustration the convergence behavior of a finite-element solver 
based on linear nodal elements [21]. The approximations of the fundamental 
mode and the first excited mode of a strip-loaded directional coupler and the 
eigenvalue extrapolated from the last two computations were used to compute 
the extrapolated effective refractive indices ng. The parameters of the direc- 
tional coupler are shown in Figure 2. A detailed assessment of the relative nu- 
merical accuracy is based on the logarithmic deviation of the approximations 
from the exact eigenvalue. It requires the knowlegde of the exact eigenvalue or, 
as a work-around, a self-consistently computed eigenvalue of extremely high 
accuracy. Figure 2 (bottom/left axes) shows a log/log plot of the converging 
eigenvalues, where the extrapolated value tie is used as a reference for the 
corresponding eigenvalue. If the reference value is insufficiently accurate in 
comparison to its approximations under test, a make-believe end of conver- 
gence indicated by a flattening of the convergence curve will occur. A feasible 
assessment of the convergence of the computed field values at the sampling 
points required for the layout of advanced optical systems for fiber-to-chip 
coupling is not yet available. 
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2.2 Time-Domain Propagation 



Time-domain propagation methods analyze the response of a device to a 
spatio-temporal stimulus such as a pulse or a sequence of pulses. They di- 
rectly implement the concept of computational experiments. Similar to signal 
processing, the time-domain propagation methods allow one to study the full 
spectral response of a device within a single step by examining the response 
of a device to an short pulse (impulse response). Obviously, the spectral reso- 
lution and the number time steps are interdependent by a Fourier transform. 
The analysis of highly resonant features and other phenomena which rely on 
eigenmodes with a small group velocity therefore requires a large number of 
sampling points in the time domain. The material dispersion must be taken 
into account via inverse convolution. 

The computation of time-domain propagation is usually restricted to a 
certain computational window. The realization of appropriate boundary con- 
ditions (e.g., perfectly matched layers (PMLs) [22]) are crucial for the sup- 
pression of artificial reflections at the boundary. The computed results are 
analyzed by a numerical detector which integrates the desired quantity - usu- 
ally the optical power, the Poynting vector, or a field component - over a 
number of sampling points. 

Currently, time-domain propagation is usually implemented by using the 
finite-difference time-domain (FDTD) algorithm [23,24]. The equations 



E z (*ut + At) — E z (rt,t) + 



dHy(r t ,t+At/2) 

dx 



dHx(rt,t+At/2 ) 
dy 



H x (r u t + ZAt/2) = H x (r u t + At/2) - M 9B ^ +At) , 
H y {r t ,t + ZAt/2) = H y { r t , t + At/2) + At dB ^ +At) 



( 11 ) 



for the propagation of transverse electric (TE) modes and 



H z (r t ,t + At) = H z (r t ,t) - At 



dE v (r t ,t+At/2 

dx 



dE x (r t ,t+At/2 

dy 



E x (r u t + SAt/2) = E x (r t ,t + At/2) + ^ , 

E y (r.t,t + SAt/2) = E y (v t ,t + At/2) - ^ 6H ^ +M) 



( 12 ) 



for the propagation of transverse magnetic (TM) modes show an implemen- 
tation of a finite-difference scheme for the analysis of signals propagating 
through a general 2-D medium. Target structures for such simulations are 
2-D photonic crystals where the transverse field components run parallel to 
holes or pillars forming the periodic structure 1 and the mapping of photonic 

1 Many publications on quasi- 2-D photonic crystals borrow their definitions of TE 
and TM modes from the underlying slab waveguide; that is, the definitions of 
TE and TM modes are exchanged in comparison to the strict electrodynamic 
definitions used in here. 
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Fig. 3. Local distribution of sampling points of transverse (crosses) and the two 
non transverse (arrows pointing right and up) for the finite-difference time-domain 
method (“Yee’s cell”). 



circuits onto an approximate 2-D equivalent in order to save computational 
effort. 

Yee’s cell (see Fig. 3) sketches the local distribution of sampling points 
for the field components of a full FDTD scheme, replacing all spatio-temporal 
differential operators by central differences. Obviously, the transverse field 
component (E z for the TE case and H z for the TM case) and other field 
components (H x and H y for the TE case and E x and E y for the TM case) form 
three different grids which are shifted relative to each other. Equations (11) 
and (12) show that the sampling points in the time domain for the transverse 
and the other field components are also shifted with respect to each other. The 
computational error of the FDTD is determined by the choice of appropriate 
spatio-temporal steps. It can be shown that the use of “magic” time steps 
At = Ax/c = Ay/c minimizes the computational errors by annihilating the 
leading-order deviations. 

As a practical consequence, a high spatial resolution required by multiscale 
geometries exhibiting tiny details forces the use of small time steps and results 
in a dramatic increase of the computational effort. From a physical point of 
view, this interdependence is a consequence of the finiteness of the velocity 
of light which, in turn, makes it necessary to adapt an electromagnetic field 
running through a finely structured medium more frequently. 

2.3 Frequency-Domain Propagation 

Frequency-domain propagation methods aim at the analysis of the time- 
harmonic behavior (i.e., of the quasi-steady state which is obtained when 
all transient phenomena fade away). Based on the time-domain propagation 
methods described above, the analysis of this state requires one to run compu- 
tational experiments running over a long time. By multiplying the computed 
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results of a simulation with the phase factor exp(— iwt), it is possible to visual- 
ize the true time-harmonic propagation (at the frequency under investigation). 

The beam-propagation method (BPM), the most popular frequency-domain 
propagation scheme, starts from the (time-harmonic) Helmholtz equation 



dz 2 



TTo + k^H 



F(rt, z) = 0 



(13) 



of a z-invariant waveguide structure, where H describes the Helmholtz opera- 
tor at any level of approximation and F(r t , z) is the associated vectorial field or 
a single field component. Within this basic scheme, it is obviously impossible 
to describe plane waves running perpendicular to the propagation direction. 
By switching to the corresponding forward Helmholtz equation, the optical 
field is divided into forward and backward running waves and the simulation 
is restricted to the analysis of the waves running into the half-space z > 0. 
By subtracting a reference plane wave running parallel to the z axis through 
a medium with a (proper chosen) mean refractive index n, it is possible to 
formulate a first-order differential equation 

g*’ ^ = iko(VTi - n) f(r t , z), (14) 

which governs the make-believe evolution of a make-believe amplitude in the 
half-space z > 0. The formulation of the frequency-domain propagation in 
terms of a slowly varying amplitude often allows for propagation steps of 
several wavelengths inside the material. The forward Helmholtz equation rep- 
resents a linear, first-order partial differential equation whose formal solution 
is given by 

f(r t ,z + Az)=U B PMf(rt,z), ( 15 ) 

with the BPM propagator 

Z^bpm = exp (iko(VH - n)Az). (16) 



The implementation of the corresponding computer codes takes the stimulus, 
propagates it over a single step through a z-invariant medium, regards the 
result as a new stimulus, propagates it over the next step through a modi- 
fied z-invariant medium, and so on. As a consequence, the beam-propagation 
method describes the propagation of the optical field in a stratified medium 
whose boundaries run either parallel or perpendicular to the z axes. The al- 
gorithms used for beam propagation scheme are classified by the treatment of 
its constituent parts: 

• Helmholtz Operator 

Driven by the restrictions of the computer infrastructure, most of the com- 
mercial BPM solvers currently use the scalar Helmholtz operator, usually 
in two dimensions. Vectorial solvers are still rarely applied. 
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Fig. 4. “T ilted- waveguide” benchmark example showing the angular behavior of 
BPM algorithms (for details, see Refs. [25] and [26]). 



• BPM Propagator 

The BPM propagator (16) can only be calculated analytically if the under- 
lying Helmholtz operator is diagonal; that is, if the field amplitude f(r t , z) 
is expanded into the eigenmodes of the waveguide structure. Algorithms 
based on the eigenmode expansion require an eigenmode analysis for every 
new cross section and an expansion of the stimulus into the eigenmodes. 
They have been realized and turned out to be well suited for the behav- 
ioral modeling of devices operating on the basis a few guided modes. The 
numerical cost for the eigenmode expansion increases rapidly with the 
number of modes, the appropriate modeling of radiation is delicate. 

All other algorithms tackle the BPM propagator (16) by a selection of 
terms in its series expansion. The paraxial approximation, which is equiv- 
alent to the computation of the Fresnel integral, replaces the BPM prop- 
agator by the two leading terms of its Taylor expansion. It is essentially a 
small-angle approximation. The decreasing stability of the classical algo- 
rithms which are based on this approximation became obvious by exam- 
ining the propagation of guided modes of a multimode waveguide in the 
framework of a benchmark example. Figure 4 indicates that the trusted 
range of angles for the high-order guided modes under investigation is be- 
low 10°. The results of the benchmark test indicates that the numerical 
errors of the radiation modes are even higher. 

The development of wide-angle approximations [27] (i.e., the development 
of more sophisticated expansions of the BPM propagator), was stimulated 
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by this benchmark test. It led to algorithms which allow for the propaga- 
tion of the fundamental mode in waveguides which are tilted up to angles 
of 45° with respect to the z axis. 

• Dielectric Interface 

Bidirectional BPM algorithms allow for a limited treatment of reflection 
by computing the reflection at the dielectric interfaces at the interface 
between different cross sections. The reflections are handled on the level of 
local Fresnel reflections or by satisfying the dielectric boundary conditions 
in the framework of a fully vectorial beam propagation. 

More sophisticated approaches of frequency-domain propagation rely also 
on the separation of propagation directions. However, they divide the optical 
field into an incoming field entering the computational window and a scat- 
tered field leaving the computational window (forever) and thus avoid defin- 
ing a main propagation direction (z axis). The basic idea of such algorithms 
runs as follows: For lossless media, the asymptotic optical field is governed 
by Sommerfeld’s radiation condition (precisely speaking, the Silver-Miiller 
condition) [28]. By using this result, it is possible to divide the optical field 
at infinity into two parts: the scattered field leaving the “world” forever and 
an incoming field entering the world for the first time. By assuming homo- 
geneity outside the computational window used for the true simulation, it is 
obviously possible to separate both contributions also at the boundary of the 
computational domain. 

Obviously, the incoming field at the boundary can be used as a stimulus for 
simulations. The implementation of any numerical algorithm strictly relies on 
an effective dereflection of the boundary of the computational window. From 
the user’s point of view, the advanced frequency-domain approaches add the 
following options to the classical BPM approach: 

• Omnidirectional scattering created by arbitrarily shaped inhomogeneities 

• Use of omnidirectional stimuli entering the computational window from 
all directions 

Advanced refinements algorithms [29] of that type can also do without 
the restriction to a homogeneous background; that is, it allows for inhomoge- 
neous structures outside the computational window. Practical examples are 
dielectric interfaces running through the computational window, waveguides 
entering the computational window, large structures such as mirrors, or a pe- 
riodic background formed by a Bragg grating or a photonic crystal (s. Fig. 5). 

It should be noted that the substantial increase of flexibility of the omni- 
directional frequency-domain propagation methods is achieved at the expense 
of a significantly higher computational effort, since the algorithms rely on 
the computation of the rapidly varying optical field and not a slowly varying 
quasiamplitude as the BPM algorithms. 
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Fig. 5. Frequency-domain propagation of an optical field through a photonic crystal 
(courtesy of F. Schmidt, Konrad-Zuse Institut fur Informationstechnik, Berlin). 



3 Circuit Modeling 

The device modeling presented above represents the appropriate way to an- 
alyze the operation of isolated components and small circuits by computing 
the optical field. The analysis of systems of larger circuits [15, 30-33] require 
simplifications to reduce the computational effort in space and time. How- 
ever, as in microelectronics, the need to tackle the operation of increasingly 
complex circuits by replacing their constituent parts by a few characterizing 
numbers forms the primary reason to formulate the operation of circuits in 
simpler terms. As the classical SPICE simulation often applied in electronics, 
the circuits analysis in photonics relies on components which are connected 
by optical waveguides or fibers whose guided modes transport optical sig- 
nals from device to device. Although it is not required, the interconnecting 
waveguides support usually only one guided mode. 

The operation of optical waveguides is frequently formulated in terms of 
transfer matrices, a photonic equivalent to the wave-amplitude transmission 
matrices used for the analysis of microwave circuits [34], since this approach 
allows one to transport the optical field from the input side to the output side 
of a waveguide device by a simple matrix multiplication and thus to stack 
devices or partial circuits by simply stacking their constituent matrices. It 
should be noted that this approach can lead to numerical instabilities in the 
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case of tunneling, in particular when the evanescent field drops dramatically 
inside a device. 

The transfer matrix U describes the transfer of set of forward (+) and 
backward (— ) traveling waves through a circuitry of optical devices [35]. The 
input and output vectors represent the amplitudes corresponding to the eigen- 
modes of the (usually single mode) waveguides forming the input and output 
ports of the circuitry. The vector of the transferred modes is given by 



/$(+) 

[ Bright 

*(-) 

\ Bright 



U++ 


Z4-' 


U-+ 


U— 



^LEFT 

^LEFT 



(17) 



Within Equation (17), W++ describes the interaction between the forward 

traveling waves (+) and U describes that between the backward traveling 

waves (— ). U-+ stands for the interaction between the two incident waves and 
U+- for that between the two outgoing waves. 

The optical power P = (<&*,.M3>) - precisely speaking, the square of the 
electric or magnetic field - is conserved, if the diagonal metric tensor M is 
conserved by a transfer matrix U , whose positive values apply to the forward 
traveling modes and the negative values to the backward traveling modes. The 
transfer matrices U satisfying the conservation law are designated as U (M, M) 
of (M, M)-unitary matrices. 

Usually, the transfer matrices are used to analyze the response of a cir- 
cuitry to stimuli on its left-hand side (Bright = 0)- Under this condition, 
Eq. (17) can be used to derive the generalized laws of reflection 

^LEFT = ~ ^ ^ — I- ^LEFT’ (1®) 

which describes the backward traveling modes in terms of the incident modes. 
Based on that result, it is easy to derive the generalized law of transmission 

Bright = (*4+ - *4- Uz \ W-+) (19) 

which describes the forward traveling field in terms of the incident field. 

For purely codirectional devices, the transfer matrix has a box-diagonal 
form; the propagation problem can then be reduced to one for the forward 
traveling modes with a transfer matrix W++. The metric tensor of the reduced 
problem is given by the unity matrix. From that, it can be further concluded 
that the propagator ZY++ for a lossless circuitry is a unitary operator. 

For the most elementary case of two interacting modes, the transfer ma- 
trices usually have the form 



U± = 



A (=) A(x) 
=F^4 (x )* A 



(20) 



where the upper sign applies to the codirectional case and the lower sign to 
the contradirectional one. Regardless of the power conservation, each type 
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Fig. 6. Transfer matrices for elementary codirectional devices. 



of transfer matrix (ZY+ and ZY_) forms a group; that is, the product of two 
transfer matrices of this type results in a transfer matrix of the same type. 

If the optical power is conserved [i.e., if the transfer matrices belong to 
the groups U( 2) (codirectional case) or {7(1,1) (contradirectional case)], the 
transfer matrices can be made unimodular (det U± = 1) by an appropriate 
phase factor. The transfer matrix of an iV-period stack is then 



Ul = U N - 



(|» (a<=>) I) U± - U N _ 2 (|» (a(=)) I) €. (21) 



Un(^) designates the Chebyshev polynominals of the second kind. Figures 6 
and 7 show some of the most elementary codirectional and contradirectional 
devices, respectively. Transfer matrices for more sophisticated devices are 
found in Refs. [32] and [36]. 

Emerging fields such as photonic crystals were up to now resistent to simple 
circuit descriptions. The description of devices affected by resonances by a 
few (localized) Wannier functions [37] offers a promising way to describe the 
operation of such devices close to resonances by a simple, tractable theory. 



4 Concluding Remarks 

We have taken a short tour through the world of modeling for photonic wave- 
guides and circuits. The chapter was focused on the mainstream of modeling 
for passive photonic circuits (i.e., computation of eigenvalues of straight wave- 
guides’ time- and frequency-domain propagation and transfer matrix analysis 
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Fig. 7. Transfer matrices for elementary contradirectional devices. 



of photonic circuits). Many interesting topics such as optoelectronic model- 
ing, modeling of multimode structures, thermo-optical modeling, modeling of 
losses by curved waveguides and surface imperfections, and so forth were not 
treated here. 

Photonic modeling is increasingly driven by industrial needs and, as a 
consequence, face new and interesting challenges such as backtracking and 
tolerancing which, in turn, results in a demand on controllable accuracy. The 
advent of high-index-contrast waveguides and circuits makes it necessary to 
design an increasing number of devices on the basis of a vectorial analysis. 
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Planar optical waveguides are multilayered, usually even with layers of non- 
constant thickness. The layers may be inhomogeneous and anisotropic [1]. A 
typical cross section is sketched in Figure 1. Optical circuits can be understand 
as concatenations of waveguide sections. 

Figure 2 shows an S-bend. Other typical optical waveguide circuits are, for 
example, Bragg gratings [2], beam splitters, and polarization converters [3]. 
These devices could also be concatenated to obtain more complex circuits. 
There are many other complex optical structures, for example, multilayered 
fibers (Bragg fibers), fibers with noncircular (e.g., elliptical) cross sections [4] 
or others (e.g., star form fibers and also fibers with an arbitrary form of the 
cross section [5,6]). Very complex optical devices are vertical cavity surface 
emitting laser (VCSEL) diodes which consist of a very high number of different 
layers [7]. 

Now, we want to examine all of the structures by a single numerical algo- 
rithm. Let us have a look at the device in Figure 2. The optical circuits are very 
long compared to the transversal dimensions. The problem is to model the de- 
vice with high numerical accuracy. Another important issue is the numerical 
stability; the device should be modeled without numerical problems. It will be 
demonstrated that this can be achieved with the Method of Lines (MoL) [8,9] 
using the concept of impedance or admittance transformation obtained on the 
basis of generalized transmission line (GTL) equations [10,11]. This transfor- 
mation will be performed analytically as follows: 

• From one side of a section to the other one, or from port B to port A 

• From one side of a concatenation to the other side, or from 2 to 1 

In summary, we transform the impedances or admittances from the output 
(load) to the input. Then, the field has to be calculated in the other direction, 
from the input toward the output. For eigenmode calculations, we perform 
these impedance or admittance transformations toward a common interface, 
where we formulate the eigenvalue problem. In the case of planar cross sections 
(see Fig. 1), this is done from upper and lower sides, or in case of fibers, from 
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Fig. 1. Cross section of a multilayered planar optical waveguide. 




Fig. 2. S-Bend formed by concatenated waveguide sections. 



outer and inner sides. These are numerically stable algorithms. To develop all 
of the algorithms, we start with the GTL equations [12]. For our case, the 
GTL equations for the transverse electric and magnetic fields must be given 
in matrix notation. The author has introduced these equations into modeling 
algorithms in 1999 [10, 11, 13] as an extension of the algorithm described in 
Ref. [14]. These algorithms can also successfully be used for microwave and 
millimeterwave devices [15-17]. Here, these equations are given in arbitrary 
orthogonal coordinate systems with general anisotropy of the material [18,19]. 
To describe the field relation between the ports of the waveguide segments, 
open-circuit impedance or z matrices and short-circuit admittances or y ma- 
trices are developed very easily on the basis of the GTL equations. A new 
algorithm will be described for periodic structures. By using Floquet modes, 
an impedance or admittance transformation can be performed, too, in one 
step from the end to the input of the periodic structure. The algorithms will 
be substantiated by numerical results. 



1 Basic Theory: Generalized Transmission Line Equations 

In this section, we derive the GTL equations which are analogous to the 
well-known equations for multiconductor transmission lines [20] or extended 
versions of them. 
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Fig. 3. General orthogonal coordi- 
nate system. 



Fig. 4. Device of concatenated wave- 
guide sections. 



1.1 Material Properties 

For the formulation of GTL equations the material parameter tensors can 
have a general form. In Eq. (1), the general permittivity /permeability tensor 
{y = e or fi) and a special form are given for Cartesian coordinates: 





Vxx l^xz 




V XX V xy 0 
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Vyx Vyy Vyz 


— *■ K = 


V yx V yy 0 




m ^zx Vzy Vzz _ 




o 0 v zz _ 



In general, orthogonal coordinates x, y and z have to be replaced by xi, x 2 
and £ 3 , respectively. With the special form given on the right side, gyrotropic 
behavior can be described. The propagation takes place, for example, in the z 
or xs direction. The device under study is divided into homogeneous sections 
in the direction of propagation. Hence, the material parameters in the cross 
sections are functions of the transversal coordinates (the coordinates in the 
cross section) only. In case of an eigenmode calculation, the layers are also 
homogeneous in the z direction. 

1.2 Maxwell’s Equations in Matrix Notation 

For the determination of GTL equations, it is not only very efficient but also 
highly necessary to write the Maxwell’s equations (especially curl equations) 
in matrix notation. This is the best way to develop the GTL equation in an 
analog form to the transmission line equations. First, the curl operator in 
general orthogonal coordinates (see Fig. 3) may be written in matrix notation 
in following form: 
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where A{ and gi ( i = 1,2,3) are the field components and the metric fac- 
tors, respectively. Additionally, we used the abbreviations = dj&Xi and 
g v — gig 2 g$. We have normalized the coordinates Xi with the free-space wave 
number fc 0 (he., xi = k$Xi). Using the definitions 
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we obtain for Eq. (2) in shorter form, 

Vx A^g-'WmiAn], 



[A] = [A\,A2,Azf , 
[G] = diag(si,52,03), 
P = 9pP, 



K] = [G\[A]. 



(3) 



(4) 



Maxwell’s curl equations and also the divergence relations in an arbitrary 
orthogonal coordinate system can now be written in the following matrix 
form, where the magnetic field components H are normalized with the free- 
space wave impedance 77 0 = yj n o/cq (i.e., H = rjoH ): 



j MEn\ = [D c ][H n ], 

-j [Pr\[Hn] = [D c }[E n ], 
with (y r = 4 e r ,/x r ) 



[Dd\ [e r ] [E n ] — p/e 0, 
[D d }[p r }[H n ] = 0, 



(5) 



= 9p[G\^ r [G\^ = 



-1 



929m 1 vn 


93^12 


92^13 


9s u 2 1 


9l9392 lu 22 


9l p 23 
9 i9293 X 


92^31 


9l v 32 



( 6 ) 



Equations (5) have exactly the same form as in Cartesian coordinates. Here, 
we have only to use normalized field components and normalized permeability 
and permittivity tensors. Therefore, we can directly transform the GTL equa- 
tion from Cartesian coordinates [18] into an arbitrary orthogonal coordinate 
system. Note that [Dd][D c ] = [0,0,0]. In charge-free regions, the divergence 
relations are fulfilled by the curl relations. 



1.3 Generalized Transmission Line Equations in Arbitrary 

Orthogonal Coordinate Systems and General Anisotrophy 



Generalized transmission line equations can be derived for any orthogonal 
coordinate system [15]. Here, we will write the formulas for the case of general 
anisotropy [18, 19]. By using the abbreviations for the transversal field vectors 



E — [Exm j E x 



H = 



H X n 2 5 



xn 1 



(7) 



where we have ordered the components in such a way that the inner product 
results in the Poynting vector in the £3 direction, we obtain from Maxwells 
curl equations in the case of general anisotropy for propagation (or analytical 
solution) in the £3 direction: 
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On the right side of each equation, we have - compared with the multiconduc- 
tor transmission lines - an additional term, the matrices Se,h ? proportional 
to the vector on the left side (see also Ref. [ 18 ]). These matrices £e,h vanish 
in the case of gyrotropic material tensors (1/13 = 1/31 = 1/23 = ^32 = 0) with 
respect to x$ (see, e.g., Ref. [ 17 ]). We have obtained these equations from the 
first two scalar equations in Eq. ( 5 ), where we introduced the third one. The 
components E xn 3 and H xnz are given by 

E X n 3 ~ — £33 [^31 ^32 ]E— j ^33 [-Djcj. T)^ 2 jH, ( 9 ) 

H xn3 ~ ~ft 33 [ft 32 ~ ftsi ] H + j/^33 \~D X2 D Xl ] E. ( 10 ) 

The matrices [. R H ] an d [^e?h] contain derivatives with respect to x\ and X2 
as well as the material parameters: 



_ D Xl £^D Xl -\-ft r 22 D Xl £33^D X2 ft r 21 
33 Dxi ~~ftrl2 D X2 £33 D X2 + ft r n_ 

|jjX3] _ ^x 2 ft33 D X2 +€ r n 6 r i2 ~Dx 2 ft33 Dx\ 

E |>21 -D Xl ~p 33 D X2 D x JL 33 D Xl +e r 22 



ft 23 ft 33 ft 32 ~ft 23 ft 33 ft 31 
~ftl 3 ft 33 ft 32 ftl 3 ft 33 ftsi 

(11) 

^ 23^33 C .31 e2.3e.33 «32 

( 12 ) 



[S'^ 3 ] — \ e 33 ^x 1 ^ 33 D X2 \+ _n^ 2 [M33V32 — M33V3I ] > (^) 

c 23 J [_ -LSxi J 

[S?] = + [~J 3 1 [-P3 _ 3 ft. P3 _ 3^,]- (M) 

_ LJ X2 \ L ^13. 

For symmetrical tensor matrices n = /x t ,e = e 1 , we obtain 
[ 5 e] = [Snf an( l [#e,h] = [T^h] 1 • 

For the solution, we define a field supervector according to F = E, H and 
combine Eqs. (8): 



^-F-QF = 0 , Q=[:f E J t 

OX3 oh 



The principal solution of this equation and further steps are described in 
Ref. [ 19 ]. Here, we will only give the formulas for the Cartesian case and the 
material tensors as in Eq. ( 1 ). Using the definitions 

E = [£„,£,]* , H = [- H x ,H y ]* , ( 16 ) 

where again the components are ordered in such a way that the inner product 
results in the Poynting vector in z direction, we obtain from Maxwell’s curl 
equations 
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d_ 

dz 

d_ 

dz 



H = -j[R E ]E, 
E = — j [i? H ] H, 



[R e ] = 



[-Rh] — 



^yy "F D x jJ>zz D x 



^yy 

e xy 



c yx 



D x {i 

zz Dy 



Dyfl Z Z D x € XX “h Dyfizz Dy J 



I^XX T Dy€zz Dy f^xy "I” Dy€zz D] 

ftyx “i - D'x^zz D~y l^yy “1“ Dj*€zz Djr J 



(17) 



(18) 



D x ,y are abbreviations for d/dx , y. We have replaced the field components H z 
and E z using the remaining Maxwell’s curl equations: 



j VzzHz — [—Dx Dy] E, j € ZZ E Z = [Dy Dx] H. (19) 



By combining Eqs. (17) and (18), which is very simple, we obtain wave equa- 
tions 



^E-[<3'1E = 



&z‘ 



2 H-[Qh] H = 



'O' 

0 



(20) 



where [Q E ] = - [i? H ] [i? E ] and [(3 H ] = - [R e ] [/? h ]- These products have to 
be calculated analytically because fourth-order derivatives cancel out. There- 
fore, numerical calculation reduces the accuracy. Both formulations in Eq. (20) 
are completely equivalent. There is no reason to prefer one of them. The ful- 
fillment of boundary conditions at electric and magnetic walls is discussed 
in Ref. [17]. For a cylindrical coordinate system, the GTL equations are dif- 
ferent depending on the direction of propagation or direction of analytical 
solution. For propagation in the z direction, for example, problems in fibers 
can be solved [13] or VCSEL diodes can be modeled [7]. For propagation in 
the (j) direction, for example, circular waveguide bends or S-bends can be an- 
alyzed [11]. From the GTL equations in Eqs. (8), special equations can also 
be obtained for spherical, elliptic [4], or even general orthogonal coordinate 
systems [15,19]. 



1.4 Discretization of the Field and Field Equations 

We would like to solve the GTL equations according to the MoL [8, 9] by a 
discretization in the cross section (i.e., here in the x-y plane and by using 
analytical solution in propagation direction, in our case the z direction). The 
one- and two-dimensional discretization schemes are shown in Figure 5. 

We use two, respectively four, different discretization line systems [17]. 
The components of the material parameter tensors are discretized on different 
places - also in the isotropic case. The effort does not increase if we analyze 
anisotropic structures compared to the isotropic case. E x (E y ) is determined 
at the same points as H y (H x ). Discretized quantities are represented by 
boldface letters. The discretized transversal field components are collected 
column by column in vectors. These total column vectors are marked by a hat 
P). The material parameters are combined in different diagonal matrices. For 
the approximation of the derivatives in the x and y direction we use operator 
matrices of central differences marked by o or • ( D and , repectively) . 
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Fig. 5. Cross sections of planar optical waveguides with one- and two-dimensional 
discretization. 



They are divided by the normalized discretization distances h x = k$h x and 
h y = hotly, which are indicated by a bar over x and y. The two-dimensional 
discretization [marked by a hat (^)] is easily described by Kronecker products. 
If absorbing boundary conditions (ABC) [9] are necessary, they have to be 
introduced instead of magnetic walls. To be more flexible with respect to the 
cross section, nonequidistant discretization can also be used following the hints 
given in Ref. [22] . With the supervectors of the discretized field components 

E=[e*,E*]\ H = [-H X ,H*] 4 , (21) 

the discretized Eqs. (17) and (18) take the form - where we assumed only 
diagonal material tensors - 




— E = — R„ 
d z 



K-DyE z L Dy -Dyt z Ac 

^ °Cv— 1 ^ ^ Ot^_ 1^0 

~ D x € z Dy ^y-D^e z D w 



The correct order of all of the quantities is important to fulfill the interface 
conditions. In the case of gyrotropic (gyromagnetic or gyroelectric) materi- 
als, the terms with e xy , e yx , fjL xy and ji yx must also be introduced. Absorbing 
boundary conditions [9] can be realized in these equations by suitable replace- 
ments [17]. Combining Eqs. (22) and (23), we obtain for the discretized wave 
equations, 



-2H-Q h H = 0, — 2E-Q“E = 0, Q =-RkRk, Q =-RkRv 

a z* dz z 



where, by calculating the submatrices, we have to take into account that 
-Df=D°y and -D£=Dl 
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1.5 Eigenvalue and Modal Matrices 



Transforming the fields by using the modal matrices Th and Te according to 



H = ThH, E — TeE, Th Q h Th=T , Te QeTe-T , (25) 

Eqs. (24) reduce to 



d 2 ^ ^2— d 2 — ^2— 

— ~ H - r H = 0, — ~E - r E = 0. 

dz J dz z 



(26) 



We obtain from both eigenvalue problems in Eqs. (25) identical diagonal ma- 
trices of propagation constants T 2 . This relations holds because both Q ma- 
trices are obtained as products of the R matrices but in different order. The 
general relation between the eigenvector matrices Te and Th of Q E and Qh , 
respectively, is 



T e — RhTh/^! , T h — ReT e /3 2 , /3 1 (3 2 — — T , /3]_ — /3 2 — (3, 

(27) 

which is known from the theory of matrices. Generally, the amplitudes of the 
eigenvectors are free; therefore, we have introduced the (diagonal) matrices 

1 3 1 2 for normalization. The diagonal matrices (3 1 and /3 2 must fulfill the above 
condition. By transforming the GTL equations (22) and (23) with the two 
modal matrices, we obtain simple transformed GTL equations 

= -0 H, = -jjg f. (28) 



2 Impedance/ Admittance Transformation 



2.1 Transformation Through Waveguide Sections 



Prom the general solution of Eqs. (26), F = Ff + Fb = exp(~rz)A + 

exp(Tz)B, where F = E, H, we obtain a relation between the derivatives 
of the fields and the fields themselves in the two cross sections A and B (inner 
sides) of a longitudinal homogeneous section whose distance is d (d = k$d)\ 



d 


F a 




—7 3 


F a 


dz 


i B 




-3 7 


% 



ol—F I sinh(Td), 
7 =T/ tanh(Td). 



(29) 



Using the first part of the general solution (the forward propagating fields Ff), 

we can define wave impedance/admittance matrices: Zo = I and Yq = I. 
This simple result is a consequence of the field normalization using the two 
modal matrices Te and Th- Introducing Eqs. (28) into (29) results in 
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H a ‘ 




'h h' 


’Ea’ 




E a ' 




Zi Z 2 


Ha' 


-H b . 




.?2 fl . 


_Eb_ 


5 


_Eb _ 




_Z 2 Zi. 


-H b . 



where 



Yi = yo/tanh(rd), y 2 =- Y 0 /sinh(rd), 

zi = Zo/tanh(jTd), Z2 = Zo/sinh(jTd). 



(30) 



( 31 ) 



We obtain open-circuit and short-circuit parameters as known from the cir- 
cuit theory. Here, these parameters are diagonal matrices. Defining admit- 
tances/impedances according to 



Ha,B ~ Y A,B Ea,Bj E a ,b — ^a,b H A B (32) 

results in the admittance/impedance transformation between cross sections A 
and B: 



Ya = yi -y 2 (yi + Vb) y 2 , Z A = Zi - z 2 (zi + Z B J z 2 . ( 33 ) 



These admittance/impedance transformation formulas are numerically stable. 



2.2 Waveguide Discontinuities 

If waveguide sections with different cross sections are concatenated, the tan- 
gential fields in the common cross section have to be matched. The matching 
process must be performed in the original domain. The related impedance 
transformation is given by [17] 

f i = T e \T^ 2 T h \T h1 . ( 34 ) 



2.3 Concatenations of Waveguide Sections 



Concatenations of waveguide sections (see Fig. 4) can also be described by y 
and z matrices. Again, they have the same form as in transmission line or in 
circuit theory. Therefore, the submatrices z ^ are also obtained as in circuit 
theory. By choosing Hb (H a ) equal zero (magnetic wall at port B (A)), the 
submatrices zn and Z 12 (Z 21 and Z 22 ) can be determined. In the case of 
y matrices, the analogous short-circuit ‘experiments’ have to be performed. 
Concatenations of sections can also be described by using the chain matrix 
description, which can be obtained from the above impedance/admittance 
matrices. We write here these relation in the original domain: 



'e a 




Zn Z 12 


Ha 




Eb 




Z22Z 12 1 Z 21 — Z22Z 12 1 Zh 


Eb 




Z 21 Z 22 _ 


-H b 




He 




— Z 12 Z 12 Z H. 



E a 

H a 

( 35 ) 
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Fig. 6. Bragg grating as analyzed in the COST 240 program. 

In the case of a symmetric two-port between A and B, the two matrices zn 
and Z12 can be obtained from zuh and yiih, the matrix parameters of the 
half two-port. The subscript h symbolizes the half of the two-port. 

*n =l(2nh + ynh) > ? i2 - ynU • ( 36 ) 

The fields in the structure can be computed accurately and without numerical 
problems [14]. The algorithm is an analog to the one used in transmission line 
problems. There, we transform the impedances from the end of the line to 
the input. Then, we can transform the currents and voltages in the opposite 
direction from the input to the output. 



3 Periodic Structures 



3.1 Floquet Modes of a Period 



Periodic structures in optical devices often consist of a very large number of 
periods. In Figure 6, a Bragg grating is shown as an example. In these cases, 
it makes no sense to transform the impedances/admittances period by period. 
A better way is to determine the Floquet modes of a single period. Then, the 
total periodic structure can be described as a “homogeneous” waveguide. In 
this description, the period should be symmetric with Z 22 = zn and Z 21 = Z 12 . 
We perform a transformation to Floquet modes according to 



Ea,b = SeEa,b, Ha,b = S'rHa^- (37) 

Equations (35) should be equivalent to the equation of Floquet modes 



Eb 




Hb 





cosh Fp 
-Y 0 sinh jFp 



-Z 0 sinh Fp 
cosh Fp 



E a 

H a 



(38) 



To obtain this equivalence, we have to solve the following eigenvalue problems: 
_ yr2 1 yil£E = ZllZj' 2 1 SE = SE-^E) -ynyr2 1, ^H= : Zf2 1 ZllS f H = S f HAH, (39) 
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which result in 

Ag = Ah = A = cosh r p . (40) 

Se and Sh are not independent of each other. The following relations are 
valid: 

Se = zhiSh5i, #h = z^Se^, (41) 

where S are diagonal matrices. For self-consistency, they have to fulfill the 
condition 

<M 2 = A- 1 . (42) 

By choosing Zq = Yo = I (other choices, e.g., = <$ 2 are also possible), we 

obtain 

81 = yj \ 2 - I/A, 82 = I/V \ 2 - I. (43) 

Tp should be alternatively to Eq. (40) determined by [23] 

tanh-Tp = I / ^ S^zhYuSe or tanh ^2^ F ) ~ ^ ^E^nhyiih^E- 

(44) 



3.2 Concatenation of N Periods 



In this subsection, we give the relevant formulas for N concatenated period 
sections (see Fig. 6). Because we have described each section as a homogeneous 
waveguide for concatenation of N periods only jTp should be replaced by 
NT p. Equation (38) now reads 



Q 




Hd 





cosh(WjTp) 



— Zq sinh(A/Tp) 
cosh(Wr’p) 




(45) 



The ports C and D are the input and output ports of the whole structure. 
Furthermore, we can again write the field relations between the generalized 
two-ports C and D with open-circuit impedance or short-circuit admittance 
matrix-parameter description (z and y matrices): 



with 



Ec 




zi z 2 


He 




He 




yi yi 


Ec 


Ed 




_z 2 zi 


-Hd 


J 


-H d 




y 2 yi 


Ed 



(46) 



zi = Z 0 /tanh(Nr F ), Z2 = Zo/sinh(A^r , p), 
yi = y 0 /tanh(iVr F ), y 2 = -Y 0 /smh(Nr F ). 



(47) 



With E c D = Z c,d H c D and H CD = Yc,d E c D , the impedance/admittance 
transformation for the whole periodic structure is performed by 
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Z c 




Y c = yi - y2 



(yi + Yoj 



Y2- 



(48) 



At the output and input, the relations between the impedances/admittances 
with the tilde (~) (Floquet impedances) and bar (-) (mode impedances) are 
given by 



Z D = S^T e Z d T^S u , Y d = S^ThYdT^Se, (49) 

which can also be easily can be inverted to yield the mode impedances/ad- 
mittances from the Floquet values. The scattering parameters are obtained 
as in Section 3.3. 



3.3 Scattering Parameters 

In this subsection, we will describe the procedure to obtain the scattering 
parameters for the periodic structures. The general principle can also be used 
for other devices of concatenated waveguide sections. 

By using the impedance transformation formula developed above, we can 
calculate the input impedance of a concatenation structure starting at the end. 
The load impedance matrix Zn in most cases is the matrix of characteristic 
impedances Zqd of the outgoing waveguide. If the outgoing waveguide is not 
of the same kind as the last section of the period, then a transformation 
according to Eq. (34) must be performed. At the input of the structure, we 
have a feeding waveguide. We assume that this waveguide has a characteristic 
impedance matrix Zq. The load impedance of the input waveguide (the input 
impedance matrix of the structure) should be given by Zc. For the magnetic 
field at the input, we may then write 

He = 2 (Zc + Z 0 ) 1 E Af , (50) 

where Ecf is the vector of the propagating modes in the forward direction. If 
we assume that in the input section only the fundamental mode with ampli- 
tude 1 is propagating in the forward direction, then Ecf is given by 

E cf = [l,0,...,0] t . (51) 

(The eigenmodes are ordered in such a way that the fundamental mode will 
be found in the first column of T.) With Eq. (50) and Ec = Z cHc, we 
obtain 

E c = 2Zc(Zc + Z 0 )- 1 Ecf. (52) 

The vector Ec contains the complex amplitude of the reflected fundamental 
and all higher modes. The scattering coefficient column vector Sn is now 
given by 



Sn = Ec — Ecf. 



(53) 
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By repeating this calculation for the other modes in the input waveguide, we 
can construct the generalized scattering matrix Sn. The reflection coefficient 
of the fundamental mode is given in the vector Sn as the first component. 
From the field at the input of the structure, we can calculate the field in the 
whole structure using the derived impedance/admittance transfer equations 
and the forward and backward propagating field parts. The algorithm is stable 
and highly accurate. From the fields at the end, all of the other scattering pa- 
rameters can be obtained. The fields Ec and He now have to be transformed 
into the Floquet domain by 

E c = S^TeEc, He = S^ThHc. (54) 

Because the Floquet modes behave like normal modes, we now split the fields 
into forward (subscript f) and backward (subscript b) propagating parts. At 
port C, we obtain 

Ecf = 2 (® c + ^oHcj, Ecb = 2 - ZqRq^. (55) 

For the forward propagating part, we obtain at port D, 

Eof = exp(— Nr , p)Ecf. (56) 

It does not make sense to calculate the backward propagating part Eob 
from Ecb because of a positive sign in the exponent. By knowing the load 
impedance Zn, we can calculate the fields at D from Epf by 

E D = 2Z D (Zo + ZD) _1 E D f, H d = ^dE d . (57) 



Ed and Hd have to be transformed into Ed and Hd by 

E d = T^SeEd, E d = T^ShHd- (58) 



With the condition described above, we obtain 

S21 = Ed 



(59) 



and especially 



S 2 i=E d (1,1). 



(60) 



The algorithm described here for a periodic section can be used analogously 
for other waveguide sections. The Floquet quantities then have to be replaced 
by the quantities of the relevant waveguide section. 



4 Numerical Results 

Numerical results computed for special devices are given here to show the 
accuracy and the wide applicability of the proposed algorithm. 
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Fig. 8. Dispersion diagrams for a 
Fig. 7. Dispersion diagrams for a rib channel guide (From Ref. [19] © 2002 

guide (From Ref. [3] © 2003 Kluwer.) IEEE.) 




Fig. 9. Rib waveguide bend: (a) cross section; (b) top view. 



Figure 7 shows a dispersion diagram for a rib guide. The effective refractive 
index - which is equal to the propagation constant normalized with ko - is 
drawn as function of ko times d or the normalized frequency for three HE 
modes. The results are in good agreement with those obtained with mode- 
matching technique. The waveguide material was isotropic in this case. The 
dashed curve is for anisotropic material and the HEoo mode. 

In the next example (see Fig. 8), the effective permittivity s re for a channel 
guide is drawn as function of ko times H (normalized frequency). The channel 
material is anisotropic with the permittivity tensor given in Figure 8. Again, 
we have good agreement with other results where the structure is completely 
surrounded by metallic walls. 

Next, results are presented for curved waveguides or concatenations of 
curved waveguides and straight sections. In Figure 9, the cross section and 
the longitudinal section of the analyzed device are given. The fundamental 
mode was injected and determined the field distribution. The power was then 
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Fig. 10. Transmission of the power along the waveguide bend. TE polarization: 
11.8dB/90° loss; TM polarization: 6.7dB/90° loss. 




biSKzsgy i i 

0.6494 0.6496 0.6498 0.65 0.6502 



wavelength X[ [im] — ► 

Fig. 11. Reflectivity of the Bragg grating in Figure 6 with different number of 
periods as function of the wavelength. (From Ref. [23] © 2003 Urban Sz Fischer.) 



calculated by an integration of the Poynting vector in the computation win- 
dow. The upper curve in Figure 10 shows results for the TM case, and on the 
lower curve, results for TE polarization is given. We see no losses in the input 
part. In the curved part, the loss curve is linear after higher modes have left 
the computational window. In the output, we see again that the bend modes 
are not matched with the output mode. Therefore, we have also some losses 
here until only the fundamental mode remains. The losses for the TE case are 
higher than those for the TM polarization. 

Results for the spectral behavior of the reflectivity (|5n| 2 ) for the Bragg 
grating in Figure 6 - analyzed with the algorithm described - are shown in 
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Fig. 12. Fiber grating structure: r co 1 = r co 2 = 2 pm. 

Figure 11 [23] for different numbers of periods N. From the coupled-mode 
theory, a reflectivity of more than 90 % for 1000 periods was predicted at the 
wavelength of 650 nm. As can be seen, a maximum of more than 90% can 
be reached. However, the required number of periods is about 10,000 and the 
wavelength is lower than 650 nm. It should be mentioned also that such a high 
number of periods did not lead to any numerical problems. 

It is an interesting phenomenon that the curves are not symmetrical. The 
results are identical to those published in Refs. [2] and [21]. The curves are 
calculated with absorbing boundary conditions. Also, electric and magnetic 
walls can be used below and above the structure. In these cases, the curves 
are superimposed by a very small oscillation, as can be seen for the case N = 
2000m (metallic walls). The accuracy of the calculations can especially be 
seen on the left and right sides of main part, which shows a smooth behavior. 
(This result is confirmed by the calculation for the case N = 50000 not drawn 
in Figure 11.) 

The algorithm was also used to analyze waveguides in other than Cartesian 
coordinates. Figure 12 shows a longitudinal section of a fiber Bragg grating. 

Figure 13 shows the behavior of the fiber-Bragg grating. Curves for 5000 
and 8000 periods were calculated. Also, anisotropic material was introduced. 
The tensor component in the propagation direction is different than the trans- 
verse ones. The curve with the anisotropic materials is only shifted slightly to 
the right. 

As example of our modeling of active devices results for VCSEL diodes [7] 
will be shown. VCSEL diodes are very complex structures (see Fig. 14). The 
main parts are the resonator, the electronic supply system, and the active 
region. The electronic system provides the active region with electrons and 
holes. The recombination process results in photons. The generation number is 
proportional to the square of the electric field. Let us first study the principle 
of the resonator. Figure 15 shows a model of a laser resonator. It consists of 
two Bragg mirrors. Each layer must have a thickness of A/4. In the middle, we 
have a layer for phase adjustment. The thickness of this layer must be nA/2, 
with n = 0, 1,2, . . . 
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wavelength k | u m ] — ► 

Fig. 13. Fiber grating: Reflectivity as function of wavelength. (From Ref. [19] 
© 2002 IEEE.) 

The field in this structure is given by the components E x and H y . The 
transmission line and wave equations are obtained from Eqs. (17)-(20) and 
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Fig. 14. Model of a VCSEL diode. 
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Fig, 15, Longitudinal section of the laser model. 
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Fig. 16. Electric field distribution in a 1-D laser resonator model. 

with D x = D y = 0. The wave equation is solved by discretization in the 
z direction. Figure 16 shows the fields in the resonator. We have used the 
following parameters: n\ = 2.0, n 2 = 2.5, n z = 2.1. 

The diagram in Figure 17 shows the spectral behavior of the device. The 
Bragg mirrors consist of 12 Bragg sections and an extra section with n = n 1 . 
The intermediate phase-matching section consists of zero, respectively two, 
periods. The diagram on the right side in Figure 17 shows details of the 
spectral behavior of the device. It can be seen that the bandwidth decreases 
with the number of intermediate sections and especially with the number of 
Bragg sections. 

In the VCSEL diode of Figure 14, we have more than 100 layers of differ- 
ent radii. To describe the behavior, we must take into account three different 
models: the electronic, the optical, and the heat model. These models are cou- 
pled with each other, especially by the field-dependent gain in the active layer 
but also by the heat-dependent parameters of the layers. The solution must be 
found by an iterative procedure. Furthermore, the procedure is complicated 
because the eigenresonances must be calculated in the complex plane. 

We have calculated in Figure 18 the output power of a special VCSEL 
diode as function of the injected current. The VCSEL diode was developed at 
the University of Ulm [24]. As one can see, higher-order modes must be taken 
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Fig. 17. The spectral behavior of the filter structure in Figure 15, with details in 
the right diagram. 
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Fig. 18. Emitted power as function of the injected current. (From Ref. [7] © 2001 
IEEE.) 

into account to obtain results equivalent to the measured results. Each higher- 
order mode has to be taken into account when the current reaches a special 
value. The power curve is not continuous. It shows the so-called “kinks.” The 
calculated curve is in good agreement with the measured one. The diagram in 
Figure 19 shows an intensity plot of the optical field in the VCSEL structure. 
The radiated field is very small compared to the field in the active region. 
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Fig. 19. Intensity plot in the VCSEL diode of Figure 14. (From Ref. [7] © 2001 
IEEE.) 



Finally, other results not described here should be mentioned. The analysis 
of a polarization converter is described in Ref. [3]. The analysis of noncircular 
fibers can be found in Ref. [6] . 



5 Conclusion 

It was shown that efficient algorithms for the analysis of optical devices can 
be developed on the basis of generalized transmission line equations. These 
GTL equations standardize and simplify the analysis procedure. With the 
GTL equations, impedance and admittance transformation formulas can be 
derived easily. This impedance/admittance transformation is numerically sta- 
ble. Thus, it avoids numerical problems. Therefore, complex devices can be an- 
alyzed. The algorithms were demonstrated and verified with numerical results 
for eigenmodes, for various devices and especially with results for a VCSEL 
diode. The analysis follows the physical wave propagation and is therefore 
efficient. 
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1 Introduction 

The LIGA technology (German acronym for Lithography, electroplating (G) 
and molding (A) [1,2]) is well suited for the fabrication of complex microopti- 
cal systems. This technique allows high-grade integration of microoptical and 
micromechanical components on the same substrate with a precision in the 
submicron range. It has the potential for mass fabrication with a variety of 
optical applications in telecom and datacom approaches, as well as sensing. 

A great potential in bandwidth, freedom from electromagnetic interfer- 
ence, and low-cost production are the advantages of glass fibers, which are 
increasingly replacing electrical data transfer. Glass fiber technology in con- 
nection with ultraprecise micromechanical and optical components leads to 
a completely new possibility for mass production. On the other hand, the 
LIGA technique allows integrating waveguide and free-space optical compo- 
nents inside one combined component, which can be passively assembled to 
other elements of the optical setup. A review of the developments of different 
kinds of microoptical approach investigated at the Institute of Microtechnol- 
ogy Mainz (IMM) demonstrates the advantages of using the LIGA technology 
for the manufacturing of microoptics. 

Whereas this chapter focuses on the LIGA fabrication concept and demon- 
strates experimental examples for data communications, the subsequent chap- 
ter “Modular Fabrication Concept for LIGA-Based Microoptics” by Mohr et 
al. will be devoted mainly to the presentation of a modular fabrication con- 
cept. 



2 LIGA Technology for Microoptics 

The LIGA technology uses shadow projection lithography via absorber struc- 
tures. Synchrotron X-rays are used in order to provide sufficient contrast and 
high steep walls of the developed structures in the resist. These structures are 
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Fig. 1. Contour accuracy of PMMA structures processed by LIGA technology. 



filled with metallic negatives using electroplating techniques for producing a 
mold insert. Finally, this mold insert can be used for mass fabrication, for 
example, with injection or injection compression molding technology. 

2.1 Potential of LIGA technology 

For microoptics, LIGA offers certain advantages compared to other technolo- 
gies. It can provide structures with optical quality as deep as 1mm, and it 
opens new ways of supporting monolithic integration of micromechanical and 
microoptical components. It is possible to fabricate any vertically extruded 
two-dimensional structure, especially cylindrical microlenses free shaped in 
one direction (e.g., with aspherical curvature with a lithographical contour 
accuracy). An example for a contour accuracy is presented in Figure 1. 

The lateral resolution of LIGA structures is better than 0.5 pm and aspect 
ratios of 4 can be realized for complicated geometrical layouts. By using mold- 
ing techniques, microoptical setups can be fabricated in a variety of optical 
polymers. Due to the precise pattern transfer from the working mask to the 
resist via synchrotron radiation, it is possible at the moment at IMM to reach 
the maximum structural depths limited to 1.3 mm and, at the same time, 
very steep side walls, less than 100 nm per 100 pm depth. Very important for 
optical applications is a side wall surface roughness below A/ 20, where A is 
the used optical wavelength. Typical surface roughness reached in the LIGA 
process is below 30 nm [3,4]. This means that the process is useful for optical 
setups using wavelengths above 600 nm. It is suitable for most telecom and 
dat acorn applications. 

Wherever there is a demand especially for optical components with high 
aspect ratios together with optical quality of surfaces, the LIGA process has 
clear advantages such as the possibility for the following: 

• Fabrication of surfaces with optical quality and contour accuracy 

• Integration of microoptical and micromechanical features 

• Realization of any vertical and inclined cross-sectional shape 
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Fig. 2. Scheme of the manufacturing of mold inserts for integrated-optical com- 
ponents with a passive coupling between waveguides and fibers (1-4) as well as for 
assembly of such a component (5). 



Furthermore it is well suited for replication in a variety of optical materials. 
Such quality of the surface is a result of the use of synchrotron X-rays with 
high-beam parallelity and energy. 



2.2 Microoptical Components and Systems 

Advantages of the LIGA technology for the manufacturing of integrated- 
optical components lie in the possibility to transfer nearly every two-dimen- 
sional layout geometry on the resist surface with lithographical precision. Af- 
ter processing with synchrotron radiation and wet-chemical developing, this 
structure will be extruded perpendicular to the resist surface. It is possible 
to realize three-level mold inserts by combining precision engineering meth- 
ods with LIGA technology [5] through insertion of an additional step on the 
bottom of the structures groove. This step allows a passive vertical alignment 
between the core of an optical fiber and an optical waveguide because the 
height of this step is defined through the thickness of cladding of the fiber. 
This allows one to align axes of the fiber and of the waveguide to each other, 
promoting a passive coupling between waveguide and fiber suitable for auto- 
mated manufacturing (Fig. 2). 

Dependent on the type of the fibers, a metal or metallized substrate with 
or without step (Fig. 2, item 1) will be covered with resist (Fig. 2, item 2), 
which will be depth-lithographically processed (Fig. 2, item 3). After electro- 
forming of the developed resist, a mold insert arises for replication in polymer 
substrates (Fig. 2, item 4). During assembly, this substrate will be provided 
with optical fibers, filled with glue with a suitable refraction index as a core 
material (Fig. 2, item 5), and cured with ultraviolet (UV) light. This man- 
ufacturing technique is independent of the type of fibers and is suitable for 
mass production. 
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Fig. 3. Some examples of aspherical microlenses produced through the direct irra- 
diation of 1-mm-thick PMMA foil with synchrotron X-rays. 



Another example of a LIGA application for microoptics is the realization of 
cylindrical lenses with spherical or arbitrarily shaped curved surface. The use 
of a pair of crossed cylindrical microlenses replaces a single spherical microlens 
because three-dimensional structures like spherical lenses could not be realized 
directly in the LIGA technology. Two examples of similar combination will be 
discussed in the following applications. 

Due to the projection geometry of the LIGA process, it is impossible to 
fabricate microlenses in a direct synchrotron irradiation of PMMA foils us- 
ing a LIGA mask and consecutive etching of irradiated areas. These lenses 
can be used as separate microoptical components or for the manufacturing 
of molding tools. In this case, spherical or arbitrarily shaped cylindrical mi- 
crolenses can be directly fabricated with LIGA with lithographic precision 
and no further need for posttreatment through the polishing. Figure 3 shows 
a microscopic photograph (Fig. 3a) and REM photograph (Fig. 3b) of such a 
one-dimensional aspheric-shaped microlens realized through the direct irradi- 
ation at the IMM. 

An important application for microlens systems is the imaging of a light 
source onto a detector using free-space microoptical components. With the 
help of optical beam propagation simulation programs with sequential (ZE- 
MAX 10.0) and nonsequential ray tracing (OptiC AD 7.0), it can be shown 
that the distance between source and detector can be dramatically increased 
when spherical microlenses are replaced by aspherical ones. Figure 4 shows a 
comparison of simulation results between spherically and aspherically crossed 
cylindrical microlens systems with a clear-lens aperture of 220 pm. As can be 
seen, the aspherical approach is superior by a factor of 5 in distance. It makes 
it possible to realize, for example, an intrachip or interchip optical free-space 
interconnect between source and detector with a length which can be varied 
(in the case of this interconnect between 10 and 60 mm). More about this 
interconnect is discussed in the next chapter. 

Another important optical application of LIGA is the production of a 
molding tool, replication, and assembly of structures with a combined inte- 
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Fig. 4. Simulation and comparison between aspherically and spherically shaped 
microlens systems: spot size on the detector element at the receiver side versus the 
propagation length through free space. 
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Fig. 5. Fabrication process for a hybrid approach. 



gration of waveguide and free-space elements. A fabrication process of such 
structures including an embedded waveguide in the substrate and free-space 
90° outcoupling onto the electric boards is presented in Figure 5. An advantage 
of such structures is a reduction of the number of separate optical elements 
requiring an active alignment to the few substrates integrating these com- 
ponents. The substrates are available for a passive alignment to each other. 
Some concrete structures will be discussed in the next chapters. 
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Fig. 6. Interconnection scheme between surface normal transmitter and receiver 
arrays. 



3 Applications 

3.1 Free-Space Components: A Refractive Free-Space 
Microoptical 4x4 Interconnect for Intrachip and Interchip Level 
with Optical Fan-out 

Ongoing demands for higher bandwidth, immunity to electromagnetic inter- 
ference, and reduction of cross-talk with respect to optical data transport 
are becoming increasingly important for data rates in the gigahertz domain, 
especially in optical computation systems. One of the challenges will be the 
design and fabrication of high-precision microoptical pathway blocks (OPBs) 
suitable for interchip and intrachip interconnects and for manufacturing at 
low cost. OPBs should integrate different microoptical components in one op- 
tical interconnect between surface-normal transmitter and receiver arrays, as 
shown in Figure 6 [6-8]. 

One example of such optical modules was fabricated and monolithically 
integrated in PMMA (polymethyl methacrylate) by the LIGA technique at 
IMM [4,9]. The different elements of the optical pathway block are presented in 
Figure 7. The concept of a refractive free-space microoptical 4x4 interconnect 
on chip level with optical fan-out was realized. The system is compact, mass 
producible, and easy to align. 

The architecture of an optical pathway block (Fig. 7) is designed for the 
typical specifications of industry: transmitter and receiver arrays with a pitch 
of 250 pm in the geometrical arrangement 4x4. The OPB consists of two 
types of component: microlens array elements (MLEs) to be placed above the 
transmitter and the receiver arrays and bridging elements (BEs). A bridg- 
ing element includes microlens arrays crossed to similar ones of MLEs and 
45°-tiled micromirrors and establishes an optical path. Both microlens ar- 
ray elements and bridging elements include mechanical holder structures for 
mounting them onto a separate base plate (BP) with passive alignment. The 
base plate itself can be mounted on top of the optoelectronic module. 

The components of complimentary structures can be transferred into mold 
inserts, which allow high- volume production in a variety of different polymeric 
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Fig. 7. Two-dimensional and three-dimensional scheme of optical and mechanical 
elements in the optical pathway concept: bridging elements BE1 and BE2, microlens 
array elements MLE1, MLE2 and MLE3, and base plate BP. 




Fig. 8. Photograph of two bridging elements (BE1, BE2) and two microlens array 
elements (MLE1, MLE2) (setup is without base plate and MLE3). The thickness of 
the elements is 1 mm. The material is PMMA. 



materials. Through the use of LIGA, these free-space optical components were 
realized with a structural depth of 1 mm with a good optical quality of side 
surfaces. 

A typical roughness measurement of the mirror surface of the bridge value 
R a is given by a white-light interferogram with 21 nm over a distance of 
1.2 mm. Such an optical quality of the micromirrors integrated into a com- 
plicated microoptical component with many different optical elements and 
available for a low-cost replication as one workpiece without an additional 
polishing can be reached only in LIGA technology. 

A realization of bridging elements and microlens arrays is presented in Fig- 
ure 8. The elements are designed for an array of 4x4 channels and a maximum 
interconnection length of 10 mm [9]. 
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original light path 




Fig. 9. Measured intensity at detector array 1 (original light path) and detector 
array 2 (split light path). 



In order to realize beam splitting at the interface between BE1 and BE2, 
the corresponding micromirror at BE1 is covered by sputtering techniques 
with a 35-nm-thick gold layer that allows an intensity splitting of 50% in 
transmission and in reflection, respectively, for a wavelength of 850 nm. The 
remaining empty space between both interfaces is matched with optical glue 
that corresponds to the refractive index of the bridging elements. 

An individually addressable 4x4 vertical cavity surface emitting laser 
(VCSEL) array needed for direct proof of principle was not available at that 
time. That is why light with a wavelength of 633 nm was coupled into the 
setup of Figure 9 via a single-mode fiber having a numerical aperture (NA) 
of 0.11 in order to get results on coupling efficiency between transmitter ar- 
ray and both detector arrays. With the help of micropositioners, the fiber was 
moved to each of the 16 input positions beneath the beam splitter of Figure 4. 
At both output arrays, the light was collected at the corresponding positions 
via a multimode fiber with a core diameter of 200 pm and a NA of 0.22. 

Figure 9 shows the measured results of the experiment. The intensity of 
the simulating irradiation from the end of the single-mode fiber was measured 
to be about llpW (without Fresnel reflections). As can be seen, the maxi- 
mum output energy recorded on the detector was about 6 pW (channel 3,3 in 
detector array 1). 

The bridging and fan-out principles have clearly been demonstrated [9] as 
well as the direction of the following optimization. Proof of principle for a 
free-space array interconnect with fan-out is based on the following: 

• Integration of microoptical and micromechanical functions 

• Crossed cylindrical design 

• Refractive fan-out 

Free-space interconnection for intrachip and interchip interconnects be- 
tween optoelectronic arrays will be visible by taking advantage of this LIGA- 




Microoptics Using the LIGA Technology 107 



based approach, allowing a realization of such a highly flexible pick-and-place 
approach with a high degree of design freedom through the use of aspherical 
lens shapes. This interconnect is well suited for mass replication in plastics. 

3.2 Integrated-Optical Components 

In recent years, the need of node components for optical communication net- 
works for datacom approaches suitable for high-speed data transfer up to the 
data rates of few gigabit per second (Gbps) has become more and more ev- 
ident [10]. Especially for approaches like automotive or home networks, the 
need for manufacturing at low cost is an additional demand for a successful 
transfer of new developments to products. Some examples for node compo- 
nents are optical NxM couplers and lxN splitters, which distribute and route 
the signals for example in optical backplanes. Developments on the market 
for optical datacom networks especially for automotive approaches addition- 
ally lead to the increasing interest in integrated-optical node components for 
plastic optical fibers (POFs) or plastic core silica fibers (PCSs). Usually, these 
elements are demanded in large numbers and therefore require low fabrication 
costs. 

Different types of integrated-optical component were realized at IMM in 
recent years. Some examples of these are a Y-splitter [11] with excess loss of 
less than 15 dB and uniformity of better than 0.5 dB and a 4x4 star coupler 
with excess loss of less than 3 dB and uniformity of better than 2 dB realized 
for multimode glass fibers [12]. One version of such star couplers is a device 
for a computing approach with sixfold repeated in the one-plane 4x4 star 
couplers presented in Figure 10. Some examples for a replicated waveguide 
structure with a fiber coupling in plastics or electro-formed in an Ni mold 
insert are presented in Figure 11. 

Recent developments for integrated-optical components at IMM concen- 
trate on structures for passive routing for automotive and home network ap- 
plication based on POF and PCS. Some examples for these developments are 
Y-splitters or 14x14 and 16x16 transmissive star couplers. The main problem 
of such complicated couplers with a large number of channels is the increase 
of geometry-based excess losses in comparison with hard requirements of the 
power budget of optical networks. 

Recent investigations in different research centers are carried out now in 
the direction of excess loss reduction through optimization of geometry and 
assembly technique. An important tool for that task is the possibilty for quick 
realization and characterization of components using a rapid prototyping. One 
of such methods is the Laser-LIGA. In this kind of LIGA technology, a master 
structure will be realized in a PMMA substrate following production of a mold 
insert in Ni using electroforming and for the replication in plastics after that. 
This method was successfully applicated for test structures but is not suitable 
for direct production of waveguide structures because of a high roughness of 
the walls, which leads to an increase of excess loss [11]. However, this method 
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Fig. 10. Photograph of a sixfold 4x4 star coupler as assambled component and 
packaged device. 




Fig. 11. SEM photographs: (a) the coupling point between a waveguide 
(50x50 pm 2 ) and multimode glass fiber realized in PMMA and (b) a part of an 
Ni mold insert for a 2x2 coupler array. 



allows one to estimate the quality of components with a new geometry without 
starting a more complicated LIGA processing. 



3.3 Components with Combined Free-Space and 
Integrated-Optical Elements 

Increasing data rates by the commercial availability of low-cost active and 
passive optical components for datacom approaches require new solutions, es- 
pecially for different kinds of coupling between single optical elements. An 
overall low-cost approach is needed on both sides for the optoelectronic in- 
tegration and also for the passive optical interconnects. The main demands 
are positioning accuracy of the microoptical components, contour accuracy, 
as well as the possibility for monolithic integration in one substrate of free- 
space and integrated-optical elements. Especially, the LIGA technology can 
be helpful in the solution of these demands. One typical task is the effec- 
tive coupling between electrooptical components and optical fibers suitable 
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Fig. 12. (a) Photograph of a microoptical unit and (b) principle of coupling scheme 
of the complete bi-directional transceiver developed at IMM. 



for mass production at low cost. The potential of LIGA for such tasks can 
be demonstrated based on an integrated free-space optical coupling scheme 
between optoelectronic elements of transceivers and optical waveguides for 
datacom approaches being developed at the IMM now. 

The trend in the development of new optoelectronic one- or bi-directional 
transceivers lies in the use of surface emitting lasers (VCSEL) and economi- 
cally favorable silicon detectors. For an effective coupling especially between 
a silicon detector and an optical fiber, the beam-shaping optical elements 
are very important. Passive optical interconnects will be based on optical 
components that can be molded into polymer materials or glass. Monolithic 
integration in one substrate allows one to reduce the degrees of freedom for 
critical alignment [5,13]. An optical unit including two substrates with wave- 
guides, a 45°-tiled micromirror, and two crossed cylindrical microlenses is 
demonstrated in Figure 12a. The principle of an effective integrated free-space 
optical coupling scheme between optoelectronic elements of transceivers and 
optical waveguides is presented in Figure 12b. 

The optical setup includes an electrooptical module with a VCSEL source 
and Si detector provided with spherical microlenses and an optical module. 
The optical module consists of a base plate, which carried an asymmetrical 
waveguide circuit, cylindrical microlenses, a tilted 45° mirror, and a cover 
plate with one asymmetrical common cylindrical lens for both channels. This 
lens is crossed to both lenses in the base plate. The waveguide circuit includes 
Y-waveguide splitters with different cross sections of channels. The principle 
is based on the fact that light from, for example, a surface emitting VCSEL 
has only a small divergence and can be coupled without significant losses into 
a waveguide with a smaller cross section (30x200 pm 2 ). 

Via a Y-splitter junction, the 30x200-pm 2 waveguide is combined with a 
waveguide having a cross section of, for example, 200x200p,m 2 . The curved 
geometry of this waveguide allows one to illuminate the whole cross section of 
the 200- pm one directly after the junction for the realization of the uniform 
mode distribution in the waveguide. This is a requirement for a reproductive 




110 Ines Frese 



coupling of the transceiver into the network. Additionally, it makes it pos- 
sible to separate VCSEL from the back signals coming from the network in 
the direction of the detector. The straight 200-pm waveguide includes passive 
coupling of the waveguide to the fiber developed at the IMM [14]. A com- 
bination from the first cylindrical lens, a 45°-titled mirror, and the second 
cylindrical lens crossed to the first one allows collimating of the light from 
the 200-pm waveguide or focusing of the light into the 30-pm waveguide. This 
way, a parallel beam of light on the interface between the electrooptical mod- 
ule and cover plate can be received from a source and has tolerances of a few 
hundred micrometers at the coupling of electrooptical to the optical module 
at this place. That is why such a coupling scheme can be realized as a solid 
or a brake-off interconnect. 

The main advantage of this setup is given by the use of integration of as 
many optical elements as possible with the same lithographic technique into 
one substrate. This makes possible to reduce the number of much separate 
elements of a complicated optical setup to a few substrates suitable for passive 
alignment to each other. In our case, the in-plane microlenses, micromirrors, 
and waveguide grooves have been fabricated with one mask using the LIGA 
process, with required lateral accuracy in the submicron range. The approach 
is suited for bus communication in computers or telecom and datacom net- 
work applications because the integrated fiber coupling scheme allows one to 
add other integrated optics components like optical star couplers and can be 
adapted for arbitrary type of optical fibers. 
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1 Introduction 

Although integrated microoptical systems were in the focus of R&D activities 
in the past and are still of interest today, it turned out in the last years that 
especially in the case of sensor applications, a hybrid setup of a microopti- 
cal system is a more convenient and economical solution. In this case, it is 
not necessary to fabricate active devices like lasers and photodiodes, passive 
components like lenses or waveguides, as well as micromechanical systems like 
switches or resonators on one substrate by one very specified process technol- 
ogy [1,2]. In a hybrid setup, both the microoptical part, the electrooptical part 
as well as the mechanical part of the system can be individually optimized. 

Whereas technologies for the fabrication of the electrooptical part are al- 
ready known for years from electronic fabrication and need only to be im- 
proved to achieve higher precisions for positioning the various electrooptical 
devices on a substrate, different microfabrication technologies have been de- 
veloped and optimized in the past which are able to fabricate microoptical 
components. Surface micromachining and deep reactive ion etching (RIE) on 
one side are used to fabricate optomechanical components like switching ar- 
rays or movable mirrors in silicon. The LIGA process, on the other hand, is 
used to fabricate microoptical base plates out of polymers or metals [3]. 

This concept of microoptical base plates is the reason why the LIGA tech- 
nology lends itself to the realization of a hybrid integration approach. By using 
defined interfaces, highly specialized manufacturers can fabricate the differ- 
ent part very efficiently. The equipment costs can be shared among different 
applications, which makes the component for each application less expensive. 
Here, a microoptical distance sensor and a microspectrometer for the near 
infrared (NIR) are used to demonstrate the concept. 

This chapter is organized as follows: After a short review of the technology, 
we will concentrate on the modular design and fabrication of LIGA-based 
microoptical systems [4]. 
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x-ray lithography 




electroforming moulding 




Fig. 1. The process steps of the LIGA process (acronym of the German words 
Rontgenlithographie, Galvanik, Abformung). 



2 The LIGA Process for Optical Applications 

To fabricate the microoptical base plate, the LIGA process is used. It was de- 
veloped at FZK (Forschungszentrum Karlsruhe, Germany) to fabricate poly- 
meric and metallic microstructures [3] . The LIGA process is a combination of 
lithography methods, electroforming and molding (Fig. 1), which allows one 
to fabricate microstructures with a high aspect ratio and submicrometer de- 
tail. In a first step, a thick polymer layer is patterned by lithography methods. 
Using X-ray lithography, structural heights up to several millimeters can be 
achieved with extremely parallel side walls (Fig. 2). Usually, the structures 
are used as a preform in a subsequent electroforming process to form metallic 
microstructures or mold inserts. The mold insert is used in either injection 
molding, hot embossing, or ultraviolet (UV) casting to mass fabricate poly- 
mer structures. They have almost the same shape and characteristics as the 
lithography structures. The extremely parallel side walls, the high precision in 
structure position, together with the low sidewall roughness makes the process 
very suitable to fabricate low-cost microoptical components and systems out 
of polymers, metals, and ceramics (Table 1). Further aspects of the fabrication 
are discussed in the chapter “Microoptics Using the LIGA Technology” [4] . 
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Fig. 2. Typical structure fabricated by the LIGA process (height of the structure: 
500 pm; width of the smallest bare: 5 pm). 

Table 1 . Characteristics of the LIGA Process 
aspect ratio > 50 

Precision Structure details in the submicrometer range 

parallelism of side walls better than 0.4mrad 
Position tolerance Less than 1 pm over several tens of millimeters 
Sidewall roughness <20 nm root mean square depending on mask quality 



The high precision of the LIGA process for optical applications has been 
demonstrated by two devices: a multifiber connector and a heterodyne re- 
ceiver. 



2.1 Multifiber Connector 

The multifiber connector for 16 multimode fibers fabricated by microinjection 
is illustrated schematically in Figure 3 [5]. It consists of two plastic pieces 
made of PMMA: one for the alignment of fibers and guide pins with rows 
of highly precise alignment structures (five are shown in the scheme), the 
other for their fixation and protection. Elastic ripples in the side walls of the 
alignment structures facilitate fiber and pin insertion. They also make the 
connector insensitive to variations in the fiber diameter. The gap between 
the alignment structures decreases successively from the last row to the first 
row. This enables a very easy assembly and passive alignment of the fibers 
without the need of micropositioning. Since the gap at the front face is 2 pm 
smaller than the fiber diameter, the fibers are clamped softly by the alignment 
structures, thus allowing easy handling during the ongoing assembly. To bond 
both parts, UV-curing adhesive is filled into the device through a hole in the 
upper substrate. Finally, the front face is polished. With these connectors, 
coupling losses better than 0.5 dB for multimode fibers for all 16 fibers have 
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Fig. 3. Scheme of a multifiber connector fabricated by microinjection molding using 
a stepped LIGA mold insert. 



been achieved. This demonstrates that the precision of the structures and the 
structure position is much better than 1 pm. 

2.2 Heterodyne Receiver 

Figure 4 shows the scheme of the heterodyne receiver (i.e., a wavelength filter 
for telecommunication). In this case, two incoming light beams need to be split 
and superposed again [6] . The signal light and the light from a local laser are 
coupled into the system by means of monomode fibers. The light is collimated 
by ball lenses and then split in its two polarization states. Reaching the next 
optical surface, the beam of each polarization state is again split by 50 % and 
is simultaneously superposed with the respective beam from the opposite light 
source. Each of the final four superposed beams is detected by a photodiode. 
The system consists of a ceramic chip on which alignment structures from the 
polymer are patterned using LIGA technology. Since the optical axis is defined 
by the diameter of the ball lens (here 900 pm), the fiber with a diameter of 
only 125 pm needs to be levered on the same height. This is obtained by a 
precise LIGA fabricated fiber mount. The fibers, the ball lenses, the prisms 
for the beam splitters, and the diodes are assembled in a fully passive way 
on the chip. They are just pushed toward the alignment structures and fixed 
by UV-curing glue. The precision of the alignment structures are better than 
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Fig. 4. Scheme of a heterodyne receiver based on a LIGA optical bench. 



1 \im. This can be concluded from the fact that the superposition of the two 
beams after the different light paths is better than 95%. 



3 The Modular Fabrication Method 

Although the LIGA optical bench allows passive assembly of the individual 
optical components, the assembly of the heterodyne receiver is very complex 
and time-consuming. Thus, it is more convenient to follow a modular fabrica- 
tion concept (Fig. 5). The microoptical system is divided into two functional 
units: the optical base plate (e.g., an optical bench which is equipped with 
optical elements like lenses and mirrors) and the electrooptical base plate 
which covers the active optical elements. If the interfaces between these two 
components and the qualification methods are well defined, one can fabricate 
the components separately by using special precise fabrication techniques. 
By applying a modular concept for the manufacture of the components, cost 
reduction can be achieved by using the same equipment for different elements. 

The two components are combined together to form the microoptical sub- 
system, which is characterized by its optical output and its electrical inter- 
face. This step can be done by a third supplier. The part will be sold as an 
original equipment manufacturer (OEM) component to the system manufac- 
turer. This supplier that knows the system market very well will combine 
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Fig. 5. Modular concept of microoptical system fabrication. 

the OEM component with dedicated microelectronics and a customer-defined 
housing to form the microoptical system. The described fabrication concept 
is well suited for small- and medium-sized enterprises because each company 
can make their own profit along the fabrication line. The modular fabrica- 
tion concept was used to build up an optical distance sensor based on the 
triangulation principle [7] as well as a microspectrometer [8]. 

3.1 Distance Sensor 

As shown in the scheme of Fig. 6, the microdistance sensor consists of a mi- 
crooptical and an electrooptical base plate which are assembled together pre- 
cisely. The dimensions of the sensor chip is 7 mm (W)x7mm (L)x3mm (H). 
The electrooptical base plate is carrying a laser diode, a monitor diode, and 
a position-sensitive device (PSD) which analyzes the change of the light posi- 
tion detected from the target. The height of the structures on the microoptical 
base plate is 0.5 mm. So far, the microoptical base plate is fabricated by X-ray 
lithography using ceramic as a substrate and PMMA as the polymer mate- 
rial (Fig. 7). In the future, it will be fabricated by molding with ceramic as 
the substrate. The ceramic substrate would have the advantage of a higher 
temperature stability of the sensor. In Figure 7, the right side shows the illu- 
mination optics and the left side shows the detection optics. There are several 
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Fig. 6. Scheme of the optical distance sensor realized by the modular fabrication 
concept. 



mirrors in the detection part to get an abberration-corrected focus onto the 
PSD in the horizontal direction. In addition, several light traps are patterned 
in order to cut out stray light. 

To build up the electrooptical subsystem, both base plates are assembled 
head-over. The alignment is done passively by balls, which are first glued 
into silicon etch grooves whose position is very precise with respect to the 
laser diodes position. The balls fit into respective cylindrical tubes fabricated 
together with the optical structure. By this passive assembly, the laser diode 
will be positioned into the optical structure with a tolerance of less than 5 pm. 
Thus, light from the laser diode is coupled precisely into the optical structure 
and is collimated toward the target. Figure 8 shows the assembled subsystem 
in a test housing. 

Two types of the sensor were designed. The design differs just for the 
shapes of mirrors and lenses. Distance measurements were carried out with 
both types of the sensor. The results are summarized in Table 2. 

3.2 Microspectrometer for the NIR 

A microspectrometer for the NIR is a second example to demonstrate the 
modular fabrication concept. It consists of an optical base plate which is 
formed by two parts: the substrate with the spectrometer structure and the 
waveguide cover (Fig. 9). The substrate of the spectrometer structure together 
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to the detector 




reflected light laser beam 
from the target 



Fig. 7. SEM photograph of the microoptical base plate with integrated mirrors. 



Table 2. Target Specifications and Results of the Micro Distance Sensors 





Measurement 


Working 


Linearity 


Resolution 




range 


distance* 






Type 1 


1 mm 


6 mm 


<0.25% 


< 1 pm 


Type 2 


10 mm 


16 mm 


< 1% 


< 10 pm 



*The distance between the sensor edge and the center of the measurement range 



with the cover provide a “hollow waveguide” to guide the light in the vertical 
direction by Fresnel reflection. The light is coupled into the waveguide by a 
fiber and spreads in the horizontal direction freely. The beam hits a cylinder- 
symmetrical blazed reflection grating which diffracts and reflects the light 
toward the 45° mirror. It is collimated due to the grating geometry and hits 
the detector array after being deflected to the vertical direction at the mirror 
surface. 

All of the optical elements are fabricated in one step by hot embossing. 
The spectrometer substrate and the waveguide cover are assembled passively 
using some guiding structures in the spectrometer setup. On top of this opti- 
cal base plate, the electrooptical base plate (FR4 substrate) is mounted. The 
electrooptical base plate carries the detector array (photo diode) on the front 
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Fig. 8. Assembled microoptical subsystem of the distance sensor in a test housing. 
Table 3. Data of the LIGA Microspectrometers 





Measurement 


Resolution 


Stray light compression 




range 




(full spectrum) 


VIS spectrometer 


380-760 nm 


<7 nm 


>17dB 


NIR spectrometer 


950-1750 nm 


<15 nm 


>20 dB 



side and, in addition, the analog electronic on the back side. In this case, 
the alignment between electrooptical and optical base plate is done actively. 
Figure 10 shows the complete electrooptical subsystem with the analog elec- 
tronic and the housing. It serves as an OEM component and will be used by 
spectrometer manufacturers to build up the complete spectrometer system. 
Microspectrometer systems have been built for the visible range as well as for 
the NIR range. Table 3 gives the characteristic data for both variations. 



4 Conclusion 

Because of its unique characteristics, the LIGA process is well suited to fabri- 
cate microoptical components and benches. By a modular fabrication process, 
these benches are combined with electrooptical base plates to build high- 
quality microoptical systems, as demonstrated by a micro distance sensor and 
a microspectrometer. Such a modular fabrication concept is very well suited 
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Fig. 9. Schematic drawing to demonstrate the modular setup of the NIR microspec- 
trometer based on a “hollow waveguide.” 




Fig. 10. Assembled microoptical subsystem of the NIR spectrometer. 



in building microoptical sensors in small and medium numbers. It allows also 
small- and medium-sized sensor manufacturers to make use of the advantages 
of microfabrication technology. In the future, the concept will be applied to 
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demonstrate advanced sensor systems. In collaboration with companies, an 
industrial fabrication line will be established. 
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1 Introduction 

Modern communication systems are based on integrated optical devices to 
control the properties of light in all-optical networks. Key elements within 
these networks are active and passive waveguides, splitters, connectors, and 
filters. The optical function of these elements is based on a spatial refractive- 
index modification within the glass matrix, which is typically fabricated by 
ionic exchange or diffusion processes. Although these technologies are well 
established and very successful, their application is, in general, restricted to 
the generation of planar (two-dimensional) elements. 

In recent years, a novel technique based on the use of ultrashort laser pulses 
for the direct writing of photonic structures within different glasses [1-22] and 
also crystalline media [23] has been demonstrated. When tightly focused into 
the bulk of a transparent solid, femtosecond laser pulses can produce a perma- 
nent refractive-index modification. The laser energy is absorbed in the focal 
volume by multiphoton and avalanche absorption, leading to optical break- 
down and the formation of a microplasma [24-26]. This induces permanent 
structural and refractive-index modifications three-dimensionally localized in- 
side the bulk substrate. When the samples are moved with respect to the laser 
beam focus a refractive-index profile can be generated that allows one to guide 
light. This enables the direct fabrication of buried optical waveguides and more 
complex three-dimensional photonic devices with great flexibility in different 
transparent media. 

The physical mechanisms that are responsible for the refractive-index 
changes are not completely understood, so far. Although, for example, in 
fused silica microstructural changes are leading to densification [11,21], in 
crystalline media, induced stress seems to play an important role [23]. De- 
spite this, several optical devices have already been demonstrated (e.g., op- 
tical waveguides [1, 4, 8, 13, 15, 18, 20, 21], waveguide amplifiers [9, 17], beam 
splitters [5], X-couplers [12,16], directional couplers [14], stacked waveguides 
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and waveguide arrays [12], three-dimensional waveguiding elements [22], three- 
dimensional data storage [2], transmission gratings [7], and long-period fiber 
gratings [6]). 

Here, we report on our recent advances in femtosecond direct writing of 
photonic devices. The properties of waveguides fabricated in glasses and crys- 
tals and their dependence on the production laser parameters as well as pro- 
cessing requirements will be discussed. 



2 Experimental 

Refractive-index changes are generated using a commercial amplified Ti:sap- 
phire femtosecond laser system (Spectra-Physics, Spitfire). It produces 50- fs 
pulses with a repetition rate of 1 kHz at a wavelength of 800 nm. To produce 
the localized refractive-index changes, pulses with an energy of ~ 1 pJ were 
focused into the transparent samples approximately 200 pm below the surface. 
The focusing is accomplished either by a 10 x microscope objective with a 
numerical aperture (NA) of 0.25 or by a 20 x microscope objective (NA = 
0.45), which is corrected for a focal depth of 170 pm. 

In a first approximation, the transversal and longitudinal structure sizes 
produced can be estimated from the focus diameter and confocal parameter, 
respectively. However, the actual dimensions might differ slightly from these 
predictions. Due to the nonlinear absorption process, a reduction of the modi- 
fied region can be expected. On the other hand, spherical aberration will lead 
to slightly larger structures. 

Optical waveguides are fabricated by moving the samples perpendicular 
to the laser-beam axis, as shown in Figure 1, by a computer-controlled three- 
axis positioning system (Physik Instrumente, M-126.DG) with a maximum 
velocity of 1.5 mm/s. The third axis is used for controlling the focal depth 
inside the target. Using this setup, waveguides as long as 5 cm have been 
written, which was limited only by the travel range of the positioning system. 

Although this setup allows one to write waveguides with great flexibility, it 
has the disadvantage that the cross section of the waveguides depends strongly 
on the focusing conditions. As a consequence, the waveguides are elliptical due 
to the mismatch between focus radius and Rayleigh length, if no objectives 
with high NAs (close to 1) are used. However, this would cause problems due 
to spherical aberration, especially when focusing in different depths. This can 
be overcome by shaping the beam [15] or by writing the waveguides along the 
laser-beam axis. In the latter case, however, the length of the waveguides as 
well as the flexibility are limited. 

In order to characterize the optical function of the produced devices, the 
sample surfaces (entrance and exit side) are polished after laser processing. 
Laser radiation at different wavelengths is coupled into the waveguides via 
single-mode fibers that are butt-coupled to the sample surface. The near- 
field intensity distribution of the guided modes is obtained by imaging the 
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Fig. 1 . Schematic of the experimental setup. 



exit surface onto a charge-coupled device (CCD) camera by a microscope 
objective. In case the produced waveguide is multimodal, different propagation 
modes can be selectively excited by careful adjustment of the fiber-waveguide 
coupling. 

Direct measurements of the refractive-index profiles of the written wave- 
guides are performed using a commercial refracted-near-field (RNF) profilome- 
ter (Rinck Elektronik, Germany). The operation principle can be found in [27]. 
Absolute values of the refractive index are obtained by repeating measure- 
ments with a reference sample and an immersion fluid with well-known refrac- 
tive indices. Although the refractive-index measurements are performed at a 
wavelength of 635 nm, we assume that the produced relative-index changes 
are approximately the same for other wavelengths as well. 

Based on the measured refractive-index profiles, calculations of the field 
distribution of the guided modes are performed. For this purpose, the com- 
mercial program BeamPROP 5.0 (Rsoft, Inc.) is used, which solves the 
Helmholtz equation in the paraxial approximation using a finite-difference 
beam-propagation method. 

In addition to the optical characterization of the produced structures, mod- 
ifications generated in crystalline materials are analyzed with respect to their 
morphological structure using X-ray topography and transmission electron 
microscopy (TEM). 



3 Waveguides in Glasses 

Figure 2 shows the near-field intensity profile of a straight waveguide, which 
has been written 200 pm below the surface in a fused silica substrate with 
a pulse energy of ~ 1 pJ at a writing speed of 100 pm/s. The focusing was 
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Fig. 2. Near-field intensity distribution at the end of a straight waveguide (for a 
wavelength of 800 nm). 



realized by a 20 x, NA = 0.45 microscope objective. For obtaining the near- 
field distribution, light at a wavelength of 800 nm was launched into the wave- 
guide by butt-coupling a fiber to the polished-end surface, and the exit surface 
of the waveguide has been imaged onto a CCD camera. Figure 2 indicates that 
the produced waveguide is single mode at the wavelength of 800 nm. 

The induced refractive-index modifications are very stable; the wave- 
guiding properties are preserved after heating the samples up to 500° C for sev- 
eral hours. In contrast, the characteristic fluorescence of color centers, which 
are known to be formed during the waveguide fabrication process [1,19,21], 
disappears when the sample is heated to ~ 400° C. After this annealing pro- 
cess, no fluorescence emission is observable, and the near-field distribution 
of the guided light has not changed [20]. These observations, which are in 
agreement with those reported in Ref. [21], allow one to conclude that the 
refractive-index modifications in fused silica and the waveguiding properties 
are not determined by the generation of color centers. 

Important for applications of this technology are the losses light experi- 
ences when propagating through the structures. In order to determine the 
attenuation losses, we applied the so-called cut-back technique, where a wave- 
guide is cut into samples of different length. The total transmission through 
each of these samples is measured after the surfaces have been polished. By 
comparing the transmission through the different samples, the coupling losses 
as well as the damping losses can be determined independently. At a wave- 
length of 633 nm, we obtained damping losses of below 0.4dB/cm. 

In addition to, single-mode waveguides, multimode waveguides with a de- 
fined number of guided modes can be produced simply by changing the writing 
speed (i.e., the spatial overlap of successive pulses). A lower writing speed and, 
thus, a higher number of pulses results in a stronger increase of the refractive- 
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Fig. 3. Influence of the writing speed on the waveguiding properties at a wavelength 
of 514 nm. Only the highest-order guided modes are shown for a writing speed of 
(a) 1000 pm/s, (b) 500 pm/s, (c) 80 pm/s, and (d) 25 pm/s. 



index change. As a consequence, the near-field distribution is different. In 
Figure 3, the measured near-field intensity distributions of waveguides writ- 
ten at different writing speeds are shown. In all cases, only the highest-order 
mode for 514-nm laser radiation that is guided in these structures is shown. 
In this case, the focusing is done with a 10 x, NA = 0.25 microscope ob- 
jective, and a pulse energy of 1 pJ is used. At writing speeds of 1000 pm/s 
(Fig. 3a) and 500 pm/s (Fig. 3b), the femtosecond-laser-induced refractive- 
index changes are small, and only single-mode operation can be observed. 
If the writing speed is decreased down to 80 pm/s (Fig. 3c) and 25 pm/s 
(Fig. 3d), the refractive-index increase is large enough that higher-order modes 
are guided (in the horizontal axis, the waveguides are still single mode due 
to the smaller diameter in this direction compared to the vertical axis). RNF 
measurements yield a refractive-index increase of about An « 5 x 10 -4 for a 
writing speed of 1000 pm/s. In case of the slow writing speed (25 pm/s), the 
measured refractive-index increase amounts to An = 3 x 10 -3 . 
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Fig. 4. Measured refractive-index profile of the waveguide written at 25 pm/s. 



Figure 4 shows the refractive-index profile (cross section, the writing laser 
beam was incident from the top) of the waveguide written at a speed of 
25 pm/s measured at a wavelength of 633 nm using the RNF profilometer. The 
horizontal and vertical profiles show approximately a Gaussian shape and fit 
very well to the dimensions of the focus diameter and confocal parameter, 
respectively. Based on this refractive-index profile, the field distribution of 
the guided modes was calculated using the commercial program BeamPROP 
5.0 (RSoft, Inc.). The calculated intensity distribution for the highest-order 
guided mode at a wavelength of 514 nm is shown in Figure 5a. For comparison, 
the measured near-field intensity profile of the highest-order mode guided 
in the corresponding waveguide is shown in Figure 5b. The measured and 
calculated intensity distributions are in very good agreement. 

It is important to note that even the waveguide written at a speed of 
25 pm/s shows single-mode operation when a larger radiation wavelength 
around 1.5 pm is used, which is important for optical communications. In 
this case, the calculated and measured near-field intensity distributions are in 
good agreement as well [20] . 

For the fabrication of more complex devices than straight waveguides, the 
realization of bends is important. While sharp bending angles are known to 
produce high losses, the bending can be realized by so-called S-bends (see 
Fig. 6a). In this case, the light is guided along a smooth curve with minimal 
radius and without discontinuities in the direction of the waveguide. In order 
to evaluate the amount of lateral displacement that can be achieved, we pro- 
duced several S-bends with different lateral displacements and a total length 
of 10 mm at a writing speed of 100 pm/s using different pulse energies. For 
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Fig. 5. Comparison of (a) calculated and (b) measured guided light intensity dis- 
tributions at 514 nm for the waveguide written at 25 pm/s (only the highest-order 
guided mode is shown). For the calculations, the measured refractive-index profile 
of Figure 4 was used. 



the focusing, a 20 x, NA = 0.45 microscope objective was used. In Figure 6b, 
the resulting values of the relative transmission through these devices at a 
wavelength of 514 nm are marked as data points for pulse energies of 0.13 pJ 
and 0.5 pJ. As can be seen, by using pulse energies in excess of 0.5 pJ, lateral 
displacements of more than 100 pm can be achieved for a device length of 
10 mm without significant losses. 

To compare the experimental data with simulations, the refractive-index 
distribution of a waveguide (written with a pulse energy of 1 pJ in this case) 
was measured (Fig. 7). The simulations were performed using the shape of 
this profile with different values of the maximum refractive-index change for 
S-bends written perpendicularly to the laser beam axis. The results are sum- 
marized in Figure 6b for different lateral displacements. A good agreement 
with the experimental data for pulse energies of 0.13 pJ and 0.5 pJ is obtained 
when maximum refractive-index values of 3 x 10 -4 and 8 x 10 -4 , respectively, 
are used for the simulations. 

Despite of all the planar structures discussed so far, one of the main ad- 
vantages of this technology is the possibility to open the door to 3-D inte- 
grated optics, which allows one to increase the packaging density of optical 
functions tremendously. In order to obtain the necessary information to fab- 
ricate true 3-D elements, the same simulation for the S-bend displacement 
has been performed along the other axis (parallel to the laser beam axis), 
since the femtosecond laser written waveguides are not circularly but ellipti- 
cally shaped (see Fig. 7). However, due to the larger extension of the modified 
refractive-index in this direction, the damping losses are much less sensitive 
to the amount of S-bend displacement. 
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Fig. 6. (a) Schematic of an S-bend. The lateral offset (S-bend distance) is varied, 
and the transmission is calculated. The total device length is 10 mm. (b) Dependence 
of the transmitted light intensity (514 nm) on the lateral S-bend distance. The lines 
correspond to calculations based on different refractive-index changes An, whereas 
the squares and circles show experimental data points normalized to a straight wave- 
guide (S-bend distance == 0). 



With these data, all necessary information for the realization of a true 
three-dimensional integrated optical device is available. To demonstrate this 
possibility, a 1x3 splitter was fabricated. For this purpose, the positioning 
system was programmed to write the split arms under angles of 120°. This 
means that none of the exit ports is lying in the same plane as the entrance 
arm. In order to keep the losses minimal, the sample was moved with respect to 
the laser-beam axis and the focusing objective in such a way that the single 
arms are formed as S-bends with only small bending radii. The refractive- 
index changes are induced by ~ 1-pJ pulses focused with a 20 x microscope 
objective (NA = 0.45) approximately 200 pm below the surface of a fused 
silica sample. The writing speed was 125 pm/s, and the total length of the 
device was programmed to be 10 mm with the exits separated by 100 pm/s. 
Figure 8 shows a schematic of the production process and the resulting device. 

To measure the guided light intensity distribution, laser radiation at 
1.05 pm of a fiber-coupled laser diode was coupled into the waveguide split- 
ter. The exit surface of the sample was imaged onto a CCD camera. Figure 
9a shows the near-field distribution of the guided light. The splitting ratio 
(32 : 33 : 35) is almost equal. In this case, the entrance port of the split- 
ter was slightly multimode, whereas the exits showed single-mode behavior. 
However, as discussed earlier, the guiding properties (single-mode or multi- 
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Fig. 7. Measured refractive-index distribution of a femtosecond written waveguide 
in fused silica (20 x focusing objective (NA = 0.45), pulse energy 1 ^iJ). 




Fig. 8. Schematic of the writing process of a three-dimensional 1x3 splitter. 

mode behavior) can simply be determined by adjusting the writing speed. 
The splitting losses have been determined to ~ 6 dB by measuring the over- 
all transmission losses and comparing these data to the propagation losses 
through a straight waveguide written with the same parameters. A part of 
the splitting and damping losses can surely be attributed to the imperfections 
(positioning error, vibrations, etc.) of the positioning system used. However, 
the actual amount is still under evaluation. 
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Fig. 9. (a) Near-field intensity distribution at 1.05 pm measured at the exit of 
the splitter. The splitting ratio is 32 : 33 : 35. (b) Calculated near-field intensity 
distribution at the end of the splitter. The calculations are based on the measured 
refractive-index profile (Fig. 7). 



Based on the measured refractive-index distribution of Figure 7 (approx- 
imated by Gaussian distributions), the guiding and splitting properties of 
the three-dimensional device were calculated. Figure 9b shows the calculated 
intensity distribution at a wavelength of 1.05 pm at the end of the wave- 
guide splitter, which agrees well with the measured near-field distribution of 
Figure 9a. 

Important for the production of integrated optical components based on 
the femtosecond direct-writing technique are the requirements on the accu- 
racy of the positioning system. Thus, we simulated the required positioning 
accuracy based on the measured refractive-index distribution (Fig. 7) for a Y- 
splitter based on S-bends. The layout of the Y-splitter with a total length of 
10 mm is shown in Figure 10a. As is obvious from this schematic, a positioning 
error is taken into account by a lateral offset of the second arm from the ideal 
branching point. For different positioning errors (lateral offsets), the output 
power distribution in the two exit ports has been calculated for a wavelength 
of 514 nm. The results are summarized in Figure 10b for a Y-splitter produced 
in the plane perpendicular to the laser beam axis (i.e., within the plane of the 
short axis of the elliptical refractive-index distribution) (the production re- 
quirements for a Y-splitter along the other axis are more relaxed, since the 
region of overlap is much broader in this case). For a negative lateral offset, the 
two exit ports are crossing and the splitting ratio is changing rapidly between 
the two arms. For positive positioning errors, the two exit ports are separated 
from each other without any crossing point. Thus, the power in the right arm 
is decreasing with increasing offset, since light can no longer couple into this 
arm. From these data, it is obvious that the positioning system must provide a 
positioning accuracy of at least =tl pm in order to produce a Y-splitter with a 
defined splitting ratio, which is feasible with commercial positioning systems. 
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(a) (b) 

Fig. 10. Influence of the positioning error on the output power distribution of a 
Y-splitter. (a) Schematic of the Y-splitter with a lateral offset of the second arm 
from the ideal branching point, (b) Simulation of the output power distribution at 
a wavelength of 514 nm as a function of the positioning error (lateral offset). To 
achieve an approximately equal splitting ratio, the positioning accuracy has to be 
better than ±1 \im. 



Despite of the possibility to produce real 3-D integrated optical elements, 
the ultrashort-pulse direct-writing technique has one additional advantage 
that is important for the fabrication of complex high-density integrated- 
optical devices: It can be applied to a large variety of different materials. As 
an example, Figure 11 shows a phosphate glass sample (Schott IOG-1) with 
an undoped area and an area doped with Er/Yb. The sample was produced by 
bonding the two phosphate glasses together [28]. Using the femtosecond laser, 
we have written a waveguide through the bond. Identical writing parameters 
were used for both sides. In Figure 11, only the fluorescence of light at 543 nm 
in the doped part of the glass is visible, whereas the pump light at 800 nm 
is coupled into the sample from the other side (through the undoped region). 
In combination with the 3-D structuring possibilities, this demonstrates the 
potential to realize complex devices using the femtosecond direct- writing tech- 
nique. 



4 Waveguides in Crystalline Media 

In addition to the fabrication of photonic devices in glasses, the femtosecond 
direct- writing technique has the potential to produce waveguides in crystalline 
materials. Figure 12 shows a polarization contrast optical microscope image 
of a cross-cut through a waveguide in crystalline a- quartz, which has been 
produced with the same setup as used for the fused silica samples but at a 
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Fig. 11. Femtosecond written waveguide in a bonded glass with a doped (Er/Yb) 
and an undoped region. Pump light at 800 nm is coupled into the undoped region. 
The fluorescence from the doped region demonstrates that the waveguide was suc- 
cessfully written through the bond. 




Fig. 12. Polarization contrast optical microscope image of a waveguide (cross sec- 
tion) written in crystalline o-quartz with femtosecond laser pulses. 



slightly higher pulse energy (14 pJ, writing velocity O.lmm/s, focusing lOx, 
NA = 0.25 microscope objective). 

In Figure 12, two different features are noticeable. The dark central area 
corresponds to the focal region, where the laser radiation was absorbed (the 
laser beam was incident from the top of the image), resulting in increased scat- 
tering losses. This dark area is surrounded by two bright regions, indicating a 
refractive-index change. The maximum refractive-index increase An in these 
regions was estimated from interferometric analysis to be An « 0.01. Due to 
the increased refractive-index in these bright areas, light can be guided in the 
produced structure, as the near-field intensity distribution of 514-nm radia- 
tion in Figure 13 shows. Corresponding to the refractive-index distribution, 
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Fig. 13. Near-field distribution of 514-nm radiation guided in the waveguide pro- 
duced by femtosecond laser pulses in crystalline a-quartz. 



the light is guided not in the central part, but in the areas showing up bright 
in Figure 12. Note that the near-field distribution does not show a higher- 
order mode as in Figure 5b (in that case, the peaks would have to be oriented 
along the other axis since the Rayleigh length is larger than the beam radius). 

In order to reveal the induced microstructural modifications that lead to 
the refractive-index changes, TEM studies of the modified area were per- 
formed. For this purpose, thin slices have been cut from the laser-irradiated 
crystals parallel to the beam direction, perpendicular to the written wave- 
guide. These slices were thinned using mechanical polishing, dimpling, and 
ion milling. 

Figure 14 shows a cross-sectional TEM image of the modified region. The 
irradiated area has an elliptical shape with a width of about 1 pm and a height 
of approximately 10 pm. Three different regions can be identified as indicated 
in the image. Whereas region I has a high density of defects but the material 
is still crystalline, the central part II is amorphous. This has been proven by 
taking selected-area electron diffraction (SAED) pattern images. The third 
region (III) is crystalline again but has a strong strain contrast. 

The focal area, where the laser light has been absorbed, is surrounded by a 
region showing high internal strains in the matrix. This can be deduced from 
the numerous bending contours present in this area. Since it is very reasonable 
that this strong strain field is responsible for the refractive-index increase, 
we simulated the strain field after single-shot exposure by the finite-element 
method (FEM) using the code ANSYS. Possible recrystallization effects have 
been neglected. As input, we used an expanding ellipse with a diameter ratio 
of 1 : 10 embedded in a crystalline quartz matrix. 
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Fig. 14. Cross-sectional TEM image of a waveguide written with femtosecond laser 
pulses. Region I has a defective crystalline structure, region II is amorphous, and 
region III shows a complex strain contrast of the crystalline matrix. 



A two-dimensional solution was obtained within isotropic elastic approxi- 
mations using the elastic constants of fused silica ( E = 72 Gpa, v — 0.17) [29]. 
The inner phase was simulated with a Active thermal expansion coefficient a 
of 0.06 and a Active temperature change AT of unity. The value a • AT re- 
Aects the length change from crystalline to amorphous quartz according to 
the density change of the bulk quartz matrix during amorphization [30] . Fig- 
ure 15 displays the hydrostatic pressure distribution given by the trace of the 
strain tensor according to the FEM results. Since the simulation does not re- 
Aect the actual behavior of the inner part, the solution is not valid inside the 
irradiated ellipsoidal region. However, two maxima of the strain distribution 
are clearly visible on both sides of the central ellipse. These maxima reAect a 
local increase in the material density, to which the refractive-index is propor- 
tional in a Arst approximation. These results are in qualitative agreement with 
the polarization contrast microscope image (Fig. 12), which shows a similar 
distribution. 

The results of the TEM analysis are conArmed by X-ray topography mea- 
surements. These measurements yield a strongly disturbed core with an area 
of approximately 1 x 10 pm 2 (in agreement with the TEM analysis). After a 
short transition zone of ~ 50 nm, this central core is surrounded by a deformed 
crystalline lattice. 

The measured losses of the waveguides in crystalline quartz are lower than 
5dB/cm. This is signiAcantly higher than in glass, which is probably due to 
the disturbed central area. However, the produced refractive-index changes 
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Fig. 15. Distribution of the hydrostatic pressure in the quartz matrix after irradi- 
ation with one femtosecond laser pulse (simulated as an expansion of the central, 
elliptical area) according to the FEM calculations. Due to the simplifications the 
solution is not valid in the central area. 



are very stable. They remain present even after thermal annealing at 1200°C 
for several hours. 



5 Conclusion and Outlook 

In conclusion, optical waveguides have been fabricated by femtosecond laser 
pulses inside glasses and crystalline quartz. In fused silica, we demonstrated 
refractive-index changes up to An = 3x 10~ 3 and waveguides with losses below 
0.4dB/cm. It has been shown that by changing only the writing speed, it is 
possible to produce waveguides with a defined number of guided modes. For a 
laser wavelength of 514 nm, both single-mode and multimode waveguides have 
been fabricated. The measured near-field intensity distributions were in good 
agreement with simulations based on the measured refractive-index profiles. 

In addition to these straight waveguides, true three-dimensional photonic 
devices have been produced. As a demonstration, a 3-D 1x3 splitter with a 
total length of 10 mm and arms split by 100 pm has been fabricated in fused 
silica using ultrashort laser pulses. 

Another advantage of this technique is that it is not limited to a cer- 
tain material like fused silica. Different types of glass, doped and undoped, 
can be structured as well as crystalline media. In crystalline quartz, wave- 
guides with damping losses below 5dB/cm have been realized. The achieved 
refractive-index changes are up to An « 0.01 and are stable up to tempera- 
tures above 1200° C. In this case, the refractive-index modifications are due 
to strong strains in the crystalline matrix arising from an amorphization of 
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the irradiated area, as micromorphological TEM and X-ray analyses have re- 
vealed. The light is guided not in the amorphous but in the crystalline region 
of the material. The possibility to produce waveguides in crystalline media 
makes this technique a promising candidate for integrated optical frequency 
conversion and electro-optical switching applications. 

The femtosecond direct-writing technique thus allows for rapid prototyp- 
ing of complex three-dimensional photonic elements in various materials. The 
main drawbacks so far, the limited refractive-index changes and the writing 
speed in the range of lmm/s, could be overcome by using higher-repetition- 
rate lasers. Whereas modified conventional femtosecond oscillators are pro- 
ducing barely enough pulse energy to induce the required changes, new devel- 
opments in laser sources allow pulse energies in the order of 1 ^iJ at repetition 
rates in the megahertz range [31,32]. This enables flexible structuring at high 
speed, which makes this technology even suited for mass production. In a first 
experiment with a fiber-based laser system producing 1-pJ, 300-fs pulses at a 
repetition rate of 2 MHz, we were able to write waveguides in fused silica at 
a speed of lOOmm/s, limited only by the positioning system. The waveguides 
show a refractive-index increase of the order of 10 -2 . Preliminary measure- 
ments of the attenuation losses yielded values of the order of 0.5dB/cm. 

It is important to note that at such high repetition rates, the time between 
successive pulses is not long enough to allow the deposited heat to diffuse 
away before the next pulse arrives. As a consequence, localized melting inside 
the solid occurs due to the accumulative heating of several following pulses 
[13, 18, 19]. The material resolidifies when the laser beam is moved to another 
place. It will be very interesting to see how this technology develops in the 
near future. 
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1 Introduction 

Next-generation optical telecom devices need both novel optical materials 
and appropriate material modification technologies in order to realize all- 
optical functionalities like light generation, light guiding, signal splitting and 
combining, wavelength division (de-)multiplexing (WDM), amplification, gain 
equalization, switching, and detection [1]. In addition to glass fiber drawing 
techniques, methods for producing single-mode waveguides in planar devices 
have been moved into the focus of today’s worldwide photonics research and 
development activities [2]. Especially in access networks, the significance of 
the above-listed signal-management operations is growing compared to the 
“pure” light transportation feature of optical fibers. 

However, an established road map, predicting which planar technology will 
be used within the next years, is missing in today’s optical telecom business. 
All competing materials and corresponding technologies like silica on silicon, 
LiNbOa, InP, SiON, polymer, and glass have their advantages and disadvan- 
tages in realizing the above-mentioned optical functionalities in an integrated 
planar way [3]. However, any technology for optical integration has to face one 
severe problem: grooming losses. For many of the above-mentioned function- 
alities [i.e., (de-)multiplexing], signal splitting and combining, gain equaliza- 
tion, switching, and fiber-chip coupling and transmission losses between 1 and 
10 dB occur. Integration means implementing many of these optical operations 
in one device and, hence, aligning the corresponding grooming losses in series. 
Therefore, compact amplifiers (EDWA: erbium-doped waveguide amplifier) 
with moderate gain (about 10 dB within the C-band), low power consump- 
tion, and the capability of integration are required for integrated devices. 
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Fig. 1 . Sketch of an integrated lossless splitter, consisting of a passive combiner, 
a planar waveguide amplifier, and a passive splitting section, all implemented on a 
hybrid substrate. 



This chapter is organized as follows: In Section 2, a glass-based techno- 
logical concept for the realization of integrated planar waveguide amplifiers is 
introduced and discussed. Section 3 deals with optical aspects of EDWAs and 
compares simulated with first experimental results. 



2 Technological Concept of Glass-Based EDWAs 

2.1 Hybrid Substrates 

Because of the above-described lack of a lead material and technology for 
optical integration and the demand of “intermediate amplification,” hybrid 
integration is one of today’s most promising concepts for including all of the 
necessary optical signal processing functionalities into one single device [4]. 
For the most advanced method of hybrid integration, the optical bench should 
be one single optical chip [5]. As an example of this type of hybrid integrated 
devices, a lossless splitter is shown in Figure 1. 

Here, the hybrid substrate consists of a combination of a active (e.g., 
Er/Yb-doped phosphate glass) and a passive glass. The single-mode wave- 
guide system has to be realized by a burying technology, as described below. 
However, this concept of hybrid integration is not restricted to glass compo- 
nents. 



2.2 Low- Temperature Bonding 

For any kind of hybrid optical integration, joining and assembling technology 
play a very important role. In the following, a special inorganic joining tech- 
nology, called low-temperature bonding from SCHOTT Glass, is described, 
as it applies to preparing a hybrid glass substrates for integrated photonic 
applications such as that depicted in Figure 1. 
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Fig. 2. Schematic diagram explaining the low-temperature bonding process as ap- 
plied to mass production of hybrid substrates for integrated-optical photonic appli- 
cations. 



The low-temperature bonding process is shown schematically in Figure 2. 
Here, three steps are presented that, along with a structuring technology dis- 
cussed later, form our hybrid integration concept for the fabrication of multi- 
ple numbers of identical integrated optical devices. Although low-temperature 
bonding can also be applied to structural applications, we emphasize in our 
discussion particular processing details that relate to fabrication of an optical 
quality interface between bonded parts. 

Step 1 consists of preparing the surfaces that will eventually be bonded by 
standard grinding and polishing processes to a surface flatness of nominally 
200 nm (peak to valley). These surfaces are then cleaned using a combination 
of a mild detergent, caustic solution, deionized H 2 O, and volatile organics and 
then dried with deionized N 2 . 

The second step is best performed in a class 100 clean environment and 
consists of sandwiching a small volume of aqueous, inorganic adhesive between 
the prepared surfaces to create a hybrid preform. Bonding is achieved by 
condensation reactions that occur within the interfacial region to form a rigid 
bond at room temperature. Such rigid joints can be formed in time spans of 
as little as 15 s depending on the chosen chemistry and bonding conditions, 
but by proper selection of bonding solution, the time duration prior to setting 
of the bond can be adjusted to accomodate manual alignment or adjustments 
of part position. Bonded assemblies are optionaly further cured by heating at 
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Fig. 3. Photograph showing a hybrid preform and several hybrid substrates pre- 
pared from active Er/Yb-doped phosphate glass (grey) and passive phosphate glass 
(clear). 



temperatures ranging from 60°C to 375°C. A typical hybrid preform formed 
by the low-temperature bonding process is shown in Figure 3. 

A key feature of the low-temperature bonding technology is that robust 
bonds are formed at low temperatures and can be cut, ground, and polished 
using conventional fabrication technology into individual substrates for prepa- 
ration of integrated-optical devices. The third step of our hybrid integration 
concept thus involves the sectioning of the hybrid preform by slicing to pre- 
pare parts that yield individual hybrid substrates. The importance of Step 
3 is that it shows the applicability of low-temperature bonding to mass pro- 
duction, an important feature for any successful technology to be applied to 
next-generation optical telecom devices. Examples of such finished substrates 
are also shown in Figure 3. 

It has been demonstrated that the strength of parts is nearly independent 
of the chosen heat treatment step [6] and both bonded silicate and phos- 
phate glassy materials demonstrate average flexural strength values exceed- 
ing 35 MPa. The optical properties are also outstanding, with bond insertion 
losses less than 0.005 dB and reflection values from the bond interface of less 
than — 34 dB [6]. 



2.3 Waveguide-Burying Technologies 

The forth processing step in our hybrid integration is the burying of optical 
waveguides into the substrate. Coating technologies are obviously not suitable 
for any hybrid substrate concept. However, the huge advantage of this method 
is closely related to the order of the four processing steps: surface prepara- 
tion, low-temperature bonding, slicing and polishing, and waveguide burying. 
Because the waveguides are introduced through the material interface after 
the joining process (assembly step), we avoid any type of time-consuming and 
cost-expensive aligning steps, which are normally necessary for other integra- 
tion technologies. Notice that aligning and assembly are the dominant cost 
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drivers for integrated telecom products. After evaluating all types of burying 
technologies, we have identified two promising candidates: ion exchange and 
laser structuring. 

Ion Exchange 

The principles and different methods of ion exchange for producing optical 
waveguides are already well explained in the literature [7]. Here, we only want 
to discuss the advantages and disadvantages for applying this technology to 
hybrid substrates. Ion exchange is already a well-established and commercially 
applied technology for optical telecom device manufacturing. The waveguide 
quality can be very high (low passive loss, excellent mode field match to 
standard telecom fibers, low polarization dependent loss (PDL)). However, the 
process parameters (e.g., choice of exchange partners, diffusion coefficients) 
strongly depend on the glass type. Hence, ion exchange can only be applied 
to hybrid substrates if the different materials (e.g., glasses) have very similar 
ion-exchange parameters (e.g., for the setup of Figure 1, if the only difference 
in the glass types is the addition of small amounts of Er/Yb for the active 
material). 

Laser Structuring 

By focusing a laser beam into a glass substrate and moving the focal point 
parallel to the surface, it is possible to induce a “line” of permanent increased 
refractive index into the material, which might act as a single-mode opti- 
cal waveguide [8]. In principle, two different laser-structuring methods are 
currently under development. In ultraviolet (UV) laser structuring, photo- 
sensitive materials are required (e.g., Ge- or B-doped silicate glasses) [9]. 
The most recent method applies femtosecond-laser radiation (e.g., Ti:sapphire 
laser, 800 nm, 10 - 100 fs) to induce a refractive-index change in transparent 
materials via the physico-chemical reaction chain of multiphoton absorption, 
microplasma formation (optical breakdown), and material densification [8]. 

The sequential nature of the optical waveguide writing process by focused 
laser radiation has advantages and disadvantages for our concept of hybrid 
integration. Technologically, it is quite easy to change the laser-writing pa- 
rameters (speed, intensity, parameters of the focusing optics) when writing 
across a material interface of the hybrid substrate. For each material, the 
optimal writing parameters can be automatically applied. However, because 
of the sequentially of the laser-writing process, the processing time is always 
higher than for any parallel structuring technique such as ion exchange or 
coating technologies. 

An example for the success of our hybrid integration concept is displayed in 
Figure 4. Here, an optical waveguide has been buried into a hybrid phosphate 
glass. This result has been obtained using the equipment described in the 
chapter by Nolte. In the center of the image, the low-temperature bonding 
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Fig. 4. Single-mode waveguide though an low-temperature bonding interface be- 
tween active (i.e., Er doped) and passive phosphate glass IOG-1 (VIS microscope 
image) . 



interface between the active (left side) and the passive glass part is shown. The 
microscope image has been taken while sending 980-nm-pump light through 
the waveguide. In the active part, green fluorescence light can be seen along the 
waveguide, caused by the excited-state absorption of the pump light followed 
by radiative decay (green light radiation). 



3 Optics of EDWAs 

In addition to the development of technological and experimental facilities, 
appropriate theoretical and computational algorithms are important for pre- 
dicting amplifier behavior and yielding improved device designs [10]. 

Today, user-friendly software tools for EDFA (erbium-doped fiber ampli- 
fier) design are already commercially available 4 . However, until now, there are 
only a few numerical algorithms known on the computation of amplification in 
EDWAs [11]. In contrast to fiber amplifiers, planar waveguide amplifiers show 
a nonrotational symmetric index profile and a different erbium distribution 
along the core and cladding region (as illustrated in Fig. 5). These features 
are significantly different from fiber amplifier setups and have to be taken into 
consideration for any realistic EDWA computation algorithm. 

This section is organized as follows: First, the fundamental physics of pla- 
nar waveguide amplifiers is implemented into the relevant amplifier equations. 
Then, the corresponding numerical procedure is compared to a commercial 

4 Among many tools, here are three selected examples: 

a. OASIX Amplifier Simulation Software, Lucent Technologies (1995) 

b. EDFA_Design, Optiwave Cooperation (1999) 

c. VPIcomponentMaker, VPI Systems (1999) 
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Fig. 5. Refractive-index and erbium concentration profile for a standard step-index 
EDFA and an EDWA. 
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Fig. 6. Relevant energy levels of an erbium-doped amplifier [12] and typical cross 
sections. 



code (see footnote on page 148, item b) for a standard EDFA. Afterward, 
results for EDWAs are compared with experimental data. 

3.1 Theory 

The relevant energy levels for an amplifying process in an erbium-doped ampli- 
fier can be seen in Figure 6. Two possible pumping wavelengths exist: 980 nm 
and 1480 nm. By pumping at 980 nm, erbium ions are excited from the ground 
state ( 4 Ii 5 / 2 ) to the upper level ( 4 In/ 2 )- From the upper state, the ions non- 
radiatively relax (7 \is [12]) to the excited lasing level. The excited level is 
metastable, and after about 10 ms, the ions fall back to the ground state. 
Typically, the signals are modulated much higher than 1/10 ms = 100 Hz. 
Thus, the erbium ions cannot follow these fast oscillations and, hence, act as 
a low-pass filter (steady state) [10]. 

Due to the large difference in lifetimes (10 ms >> 7p,s), nearly all erbium 
ions are collected in the excited level, resulting in a steady-state two-level 
system , even when pumping at 980 nm [10]. Since the used glasses have a 
high dopability, upconversion processes can be neglected. The erbium-doped 
amplifier is completely described by the power propagation equation that is 
coupled to a corresponding rate equation. Spontaneous emission (acting as 
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noise), stimulated emission, and also attenuation have to be included in a 
powerful algorithm for appropriate amplifier modeling. 

The power propagation equation can be derived from the cross-section 
concept [13]: 



dI(x,y,z,f)dA 

dz 



[Vem(f)-N 2 (x,y,z) - 
~(Jab{f)Ni(x,y,z)] x I(x,y,zJ)dA + 

+°em(f)N 2 (x , y, z) d/ N oise(z, </, z, f ) dA, 



( 1 ) 



where I is the intensity of the light (W/m 2 ), a em (a a b) is the emission (ab- 
sorption) cross section (m 2 ), N\ (N 2 ) is the erbium ion density in the ground 
(excited) state (1/m 3 ), dA is the incremental area perpendicular to the prop- 
agation direction, and dz is the incremental length along the propagation 
direction. The last term containing the incremental added intensity d/Noise 
represents the spontaneous emitted noise. 

Now, the following ansatz is used in order to separate I(x, y, z) of Eq. (1), 
assuming the mode profile will not change during propagation: 



I{x,y,z) := <j>(x,y)P{z ), 



( 2 ) 



where P(z) is the power (W) and <j>(x,y) is the normalized mode field of 
the power (1/m 2 ) obtained from the transverse mode distribution by solving 
Maxwell’s equations for the specific geometry and refractive-index profile. 

The normalized mode field has the following properties: 

1. Integration is performed only over the doped region , because stimulated 
emission can only occur here. 

2 - J-™ I <t>(x,y)dxdy = 1. 

/ + OO p 

J <t>(x,y)dxdy a P(z). 

V y 

= 1 

Note, ansatz (2) is also valid for the noise power, since noise is coupled into 
the guided mode. Ansatz (2) inserted into Eq. (1) followed by integrating over 
the whole transverse plane results in: 



dP 

dz 



/ -+-oo p 

/ N 2 {x,y,z)<l>{x,y)dxdy- 
-OO J 



-oo 

r+oc 



P(z) + 



/ -f-OO /» 

J Ni(x,y,z)(f>{x,y)dxdy 

/ +OO r 

/ N 2 {x,y,z)4>(x,y)dxdy, 
-OO J 



( 3 ) 



where d/Wse is the noise power emitted along the distance dz of the wave- 
guide. A single photon with energy hf (Ws, i.e., W/Hz, where / is the fre- 
quency of the emitted photon and h = 6.626 x 10“ 34 Ws 2 Planck’s constant) 
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contribute to the spectral noise power by dP^oise/df = hf. Hence, the noise 
power can be calculated from 



dP^oise — hf df , 



( 4 ) 



where df is the resolution bandwidth chosen to resolve the noise power spec- 
trum adequately. This noise power is coupled into all possible polarization 
modes m. Thus, the total noise power obeys 

dPNoise = mhfdf, (5) 



where m — 2 for the fundamental mode and m — 4 for the second-order mode 
[10]. Until now, additional background losses where not taken into account. 
These can easily be included by adding a term —oibg\P{z) on the right-hand 
side of Eq. (3). For a detailed derivation, see Ref. [14]. Thus, the final power 
propagation equation describing an erbium-doped optical amplifier is given by 
(assuming the same background loss in core and cladding) 



dP 

dz 



/ “TOO n 

/ N 2 {x,y,z)<j>{x,y)dxdy- 

-OO J 

/ +00 /* 

Ni{x,y,z)<t>(x,y)dxdy P{z) + a em {f) 

-OO J 

/ +oo /» 

/ N 2 {x,y,z)<j>{x,y)dxdy - ot bg iP{z). 

-OO J 



( 6 ) 



Note: The mode profile depends also on the frequency / and P = P(z , /), but 
this is dropped for simplicity. 

The erbium ion densities in different spectroscopic states are obtained 
from the rate equation (reducing to the two-level steady-state rate equation, 
as discussed). The following assumptions are made for the rate equations: 

1. Neglecting the nonradiative decay lifetime, because it is much faster than 
the spontaneous emission lifetime [10]. 

2. Neglecting the upward and downward thermal stimulated terms in the rate 
equations (the optical frequency approximation) [13]. 

3. The power at a single wavelength is less than about 1W and thus the 
nonradiative decay rate (of the pump) is much larger than the pumping rate 
(— > no a Q-switching effects”) [10]. 

Under these well-confirmed assumptions [10], the rate equation (ions per 
second and unit volume) for the upper level is given by [15]: 



^ = 0 = W l2 Ni - W 2l N 2 - — 

dt Tgp 



( 7 ) 



where W \2 {W21) is the upward (downward) transition rate (ions per second). 
The spontaneous emission lifetime r sp is typically 10 ms (see Fig. 2). In general, 
the transition rate can be determined by [9] 
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W 12 = ^P-I(x,y,z) and W 2l = ^p-I{x,y,z), (8) 

where I(x,y,z) denotes the intensity and / the carrier frequency of the in- 
cident wave. Using Eqs. (8) and (2), the rate equation for the upper level is 
converted into (with the lower level omitted for simplicity) 



0 = 



^P- Nl (x,y,z)4>(x,y)P{z)- 

hf 

_ a em{f ) N z ( a; , J/j y)p( z ) 

hj 



N 2 (x,y,z) 

'T’sp 



( 9 ) 



The rate equations for the upper and lower levels are related to each other by 
the particle conservation ; that is, 



Ni(x, y, z) + N 2 (x, y, z) = N Er b ium(x, y), (10) 



where iVErbium is the erbium ion density. In almost all practical cases, the 
erbium ion density is constant (= spatial homogeneous distributed): 



-^Erbium (*£ > V) 



^Erbium. d °P ed re S ion 
0, elsewhere. 



(ii) 



Suppose two signals are incident on the erbium-doped amplifier. The signals 
are characterized by their complex slowly varying envelopes u\(t) and U 2 (t), 
respectively. Hence, the total power P t ot is given by 

Ptot = |wi(*)| 2 + \u 2 (t)\ 2 + 2 |tii(i)| \u 2 (t)\ cos(Awt), (12) 

with Auj = u\ — U 2 being the difference between the two carrier frequencies. 
Equation (12) describes power oscillating with time around the sum of the 
average power of each wave. Typically signals (as well as the spectral resolu- 
tion) are separated by more than about 10 kHz; thus, the power oscillation is 
too fast for the erbium ions and therefore canceled out. Hence, the power for 
the superposition of two waves is given by [10, 14], 

Ptot = Pi+P 2 . (13) 

For N waves, the rate equation is given by [10] 

0 = Y.^rf^ N ^,y)Pk(z 

k = 1 -* k 

k = 1 



N 2 (x,y,z) 



(14) 



' sp 



including pump, signal, and noise power. Note the transverse mode distribu- 
tion y ) has also a subscript k representing a different frequency (the mode 

field changes with frequency). 
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Rearranging Eq. (14) with the help of Eq. (10) results in the final form of 
the rate equation: 



N 2 {x,y,z) = 

i w , , (15) 

1 + EkLlK^a&Cffc) + Oem{fk))lhfk\T S p(t>k{x,y)Pk{z ) 

For an ideal two-level system, the absorption and emission cross section must 
be identical [13]. In Eq. (15), the cross sections are not identical, indicating 
that the erbium-doped amplifier is not an ideal two-level system , due to the 
Stark split of the upper and lower level into seven and eight sublevels (also 
drawn in Fig. 6). 

The total light in the amplifier (i.e., the amplified spontaneous emission 
noise, the signal, and the pump light) is thought to be a number of N opti- 
cally monochromatic waves, each of them having a carrier frequency fk and 
being separated from adjacent waves by Af. Thus, each frequency obeys the 
following propagation equation: 



dPk 
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All N propagation equations are coupled by the rate equation (15) and par- 
ticle conservation (9). In our computation algorithm, these equations are nu- 
merically solved in two steps. First, the mode distribution fa is numerically 
obtained from standard commercial beam-propagation software at several fre- 
quencies. Second, Eqs. (16), (15), and (9) are solved numerically using a fifth- 
order Runga-Kutta method with adaptive step size control for the differential 
equations (16). A finite-element procedure with rectangular elements of the 
Serendipity type (which is essentially the analogy of the trapezoidal rule in 
two dimensions) was implemented for the integrals in Eq. (16). 



3.2 Application to EDFAs 

In order to test the derived equations and its numerical implementation, a 
special case of an erbium-doped fiber amplifier was simulated (i.e., only the 
core is uniformly erbium doped in combination with a rotationally symmet- 
ric step-index profile). For this index distribution, an analytic solution of the 
mode profile exists and the propagation equation can be simplified due to the 
small erbium-doped core [10]. For a given setup our algorithm has been com- 
pared to a commercial software code (see footnote on page 148, item b)) (cross 
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Fig. 7. Simulation results of an erbium-doped fiber amplifier using commercial 
software (see footnote on page 148, item b) compared with results from our algorithm 
(both using the same parameters), showing good agreement between both simulation 
tools. 



sections are shown in Figure 6, core diameter: 3.5 pm, A/Erbium = 1.23xl0 26 
1/m 3 , length: 18 cm, 45 mW to 980 nm forward pumped, numerical aperture: 
0.264). Figure 7 compares the commercial software results with data obtained 
from our algorithm, demonstrating the validity of our model for the amplifi- 
cation process and the EDFA noise performance. 



3.3 Application to EDWAs 

After demonstrating the validity of our model for an EDFA, an EDWA 
was simulated. In contrast to a fiber amplifier, the whole glass block is ho- 
mogeneously erbium doped for an EDWA. Its planar waveguide could, for 
instance, have been manufactured by masked ion exchange (see bottom inset 
of Figure 8). 

For simplicity, the refractive-index profile was assumed to be Gaussian 
(see Fig. 8). From the refractive-index profile, the mode field at different 
wavelengths was calculated (see top inset of Fig. 8). The following parameters 
were used for the EDWA simulations: a Gaussian refractive-index profile with 
maximum An = 0.02, r sp = 10.1 ms, ^Erbium — 3.0 x 10 26 1/m 3 (uniform over 
the whole glass), 100 mW forward pumping at 980 nm, a total of —20 dBm of 
signal power in the EDWA waveguide (spread over eight wavelengths at 1528, 
1533, 1538, 1543, 1548, 1553, 1558, and 1563 nm), a bg i = O.ldB/cm, and the 
cross sections as shown in Figure 9. 

The gain spectrum computed by our algorithm is shown in Figure 10. A 
maximum gain of 45 dB at about 1535 nm could be reached (at 10cm length). 
Caused by the narrow cross-section peaks (see Fig. 9) of the active glass, only 
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Fig. 8. Assumed Gaussian refractive-index distribution of a buried waveguide (full 
width half-maximum of 3 pm and An = 0.01). The top inset shows the numeri- 
cally calculated (non-Gaussian) transverse mode field at 1550 nm. The bottom inset 
displays the 3-D geometry of a buried waveguide forming an EDWA. 




waveienoth (nm) 



Fig. 9. Emission and absorption cross section of the erbium-doped glass. 



limited broadband behavior of the EDWA is achieved, which makes this design 
unsuitable for a full C-band amplifier. 

However, a proper refractive-index design (An = 0.01) together with 
adapted pump power and waveguide length could provide a much flatter gain 
spectrum. This is shown in Figure 11, where compares the normalized gain 
spectrum for the 18-cm waveguide with measurements on the actual device. 
Physically, this can be explained as follows: A smaller refractive-index dif- 
ference An leads to significant broadening in the mode profiles for both the 
pump and all signal channels. Hence, this effect can be specifically used to 
simultaneously adjust the mode diameter ratios of all signal channels relative 
to the pump mode diameter (i.e., the radial erbium inversion distribution). 
This leads to a significant variation of the effective (i.e., radially averaged) 
erbium inversion level “seen” by the different signal channels. Thus, the index 
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Fig. 10. Gain spectrum of an EDWA for various waveguide lengths. 




Fig. 11. Comparison of normalized gain spectrum obtained from simulation and 
measurement. 



difference can be used as a design parameter to effectively broaden the EDWA 
gain spectrum. 

Additionally, a measured gain spectrum displays a much more flattened 
behavior, as predicted by our simulations (see Fig. 11). The deviations between 
measurement and simulation could be explained by an incomplete knowledge 
of the various input data (needed for our computation algorithm). However, 
the measurement and the simulation show the same trend: A flatter gain 
spectrum can be achieved by a proper waveguide design! 
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4 Summary 

Hybrid integration is one of today’s most promising concepts in telecom net- 
working for including all necessary optical signal processing functionalities into 
one single optical chip. Therefore, advanced material joining and waveguide 
structuring technologies have to be developed in order to provide low-loss 
waveguides and optical interfaces. Here, SCHOTT employs a technology called 
low-temperature bonding, which can be used to fabricate hybrid substrates 
from different transparent materials. In combination with our advanced op- 
tical glasses and suitable waveguide-burying technologies, these modification 
techniques could provide a powerful toolbox for the design of future integrated 
optical devices. 

In addition, we successfully developed and implemented a rigorous algo- 
rithm for computing the optical properties of planar waveguide amplifiers. 
In contrast to most algorithms, our presented model can handle arbitrary 
refractive-index profiles and geometries together with an arbitrary erbium- 
dopant profile. This is of particular importance for designing planar waveguide 
amplifiers (EDWA). Thus, this algorithm enables detailed EDWA understand- 
ing and provides an effective design tool for complex integrated devices. 
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1 Introduction 

In the last decades, a strong effort has been made to investigate and control 
the optical properties of materials, to confine light in specified areas, to pro- 
hibit its propagation, or to allow it to propagate only in certain directions and 
at certain frequencies. The introduction of components based on total internal 
reflection for light guidance, such as optical fibers or integrated ridge wave- 
guides, has already been a revolution in the telecommunication and optical 
industry. In parallel to that, another way of controlling light based on Bragg 
diffraction has already been used in many devices like dielectric mirrors. In 
1987, the principle of dielectric mirrors leading to one-dimensional light reflec- 
tion was generalized to two and three dimensions [1,2], founding a new class of 
materials: photonic crystals. Since then, this new field has gained continuously 
increasing interest [3]. Photonic crystals (PCs) are materials with a periodic 
dielectric constant. If the wavelength of light incident on the crystal is of the 
same order of magnitude as the periodicity, the multiple-scattered waves at 
the dielectric interfaces interfere, leading to a band structure for photons. 
If the difference between the dielectric constants of the materials composing 
the photonic crystal is high enough, a photonic band gap (i.e., a forbidden 
frequency range in a certain direction for a certain polarization) can occur. 
However, a complete photonic band gap (i.e., a forbidden frequency range in 
all directions for all polarizations) can occur only in three-dimensional (3-D) 
photonic crystals. Although these 3-D photonic crystals look very promising 
and have been theoretically widely studied, their experimental fabrication is 




160 Cecile Jamois et al. 



still a challenge [4-7]. Therefore, a strong effort has been invested to study 
two-dimensional (2-D) photonic crystals, which are much easier to fabricate 
and which still present most of the interesting properties of their 3-D counter- 
parts. In the ideal case, 2-D photonic crystals are infinitely extended structures 
with a dielectric constant that is periodic in a plane and homogeneous in the 
third dimension. However, experimental structures are always finite, leading 
to scattering losses in the third dimension [8]. More recently, the concept of 
photonic crystal slabs consisting of a thin 2-D photonic crystal surrounded by 
a lower-index material has emerged and is now widely studied, because it offers 
a compromise between two and three dimensions. Indeed, combining the index 
guiding in the vertical direction with the presence of the photonic crystal in 
the plane of periodicity, a 3-D control of light can be achieved [9-11]. Among 
the several interesting effects in photonic crystals that can be used for a mul- 
titude of applications, such as modification of spontaneous emission [12, 13] 
or effects based on the particular dispersion properties like birefringence [14], 
superprism effect, and negative refraction [15-17], one of the important ef- 
fects relies on the existence of the band gap for waveguiding purposes. In this 
chapter, some properties of 2-D photonic crystals are studied, assuming first 
an infinite height (Section 2) and then a finite one (Section 3). Then, the 
influence of introducing a line defect into the photonic crystal lattice to build 
a waveguide is discussed, first in the case of infinite 2-D photonic crystals 
(Section 4) and finally in photonic crystal slabs (Section 5). 



2 Infinite 2-D Photonic Crystals 

Typically, 2-D photonic crystals consist of a lattice of parallel rods embedded 
in a substrate of different dielectric constant. This can be either air pores in 
a dielectric or dielectric rods in air ordered in a square or hexagonal lattice, 
such that the dielectric constant is homogeneous in the direction parallel to 
the rod axis - generally defined as the z direction - and periodic in the (x, y) 
plane: 

e(r) = e(r + R), (1) 

where R is any linear combination of the two unit vectors a\ and a<i of the 
2-D photonic crystal lattice: 



R = /ai+raa2. (2) 

Due to the periodicity, the eigenfunctions of the system can be written in 
the form of Bloch states, in analogy to solid-state physics. In the case of the 
magnetic field, 

H„ )k (r) = e ik ‘ r • u„, k (r) , (3) 

where n is the frequency band index, k is the wave vector, and the function 
u n? k has the periodicity of the photonic crystal: 
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Un,k(r) = u n ,k(r + R) (4) 

If the materials building the photonic crystal are assumed to be linear, 
isotropic, nonmagnetic, and free of charges, the following wave equation is 
obtained by combining Maxwell’s equations: 

v x (^> v x H(r) ) = S H(r) (5) 

This is an eigenvalue problem where the eigenvectors H(r) are called harmonic 
modes, and the eigenvalues (c o/c) 2 are proportional to the squared frequency 
of these modes, c being the speed of light. 

By solving the master equation (5) for fc-vectors along the irreducible 
Brillouin zone of the photonic crystal, the band structure of the photonic 
crystal is obtained. Because the (x, y) plane of periodicity of the 2-D photonic 
crystal is a mirror plane of the system, the polarizations decouple; that is, the 
modes can be separated into transverse electric (TE) modes having only H z , 
E x , and E y as non zero components, and transverse magnetic (TM) modes 
with the only non zero components E z , H X1 and H y . Since TE (resp. TM) 
modes have their magnetic (resp. electric) field oriented along the pore axis, 
they are sometimes also called H (resp. E) modes. The band structures for 
TE and TM polarizations are usually completely different, because the electric 
field (resp. magnetic field) for TE and TM polarizations is oriented in different 
directions relatively to the dielectric interfaces within the photonic crystal. In 
particular, band gaps can exist for one polarization and not for the other, or 
the position of the band gaps can be very different. It has turned out that for 
systems consisting of dielectric cylinders in air a complete band gap (i.e., a 
band gap for both polarizations) can be obtained only in a honeycomb lattice, 
whereas the hexagonal lattice of air holes in dielectric opens up a complete 
2-D photonic band gap for a dielectric contrast n^/rii larger than 2.6 [3,18]. 

Figure 1 gives an example of a band structure in the case of a hexagonal 
lattice of air pores in silicon with a relative radius r/a of 0.43, where a is the 
lattice constant of the photonic crystal. The band structure calculation was 
performed using the MIT package, a block-iterative frequency-domain code 
[19] with a grid of 64 points per lattice constant, yielding good convergence 
of the results. For this relative radius value, a large TE band gap exists from 
0.275 to 0.460 in normalized frequency u;a/27rc and a smaller TM band gap 
from 0.385 to 0.405 that overlaps with the TE band gap, leading to a complete 
2-D band gap in this frequency range. The variation of the photonic band-gap 
position with relative pore radius (so-called gap map) for a hexagonal lattice 
of air pores in silicon is shown in Figure 2. In this system, the complete band 
gap exists only for a relative radius larger than 0.4, the largest gap-midgap 
ratio - ratio between band gap width and midgap frequency - being 16.3% for 
a pore radius r/a = 0.478. However, such very large relative radius values are 
quite difficult to achieve experimentally. Therefore, most of the work based on 
the existence of a band gap in 2-D photonic crystals has focused on the TE 
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Fig. 1 . (a) A 2-D hexagonal lattice and (b) its first Brillouin zone with the irre- 
ducible Brillouin zone delimited by the three high-symmetry points F, M, and K. 
(c) Band structure for a hexagonal array of air pores in silicon (e = 11.6, r/a = 0.43) 
along the k-path F-M-K-F for TE (solid lines) and TM (dashed lines) polarizations. 
The light a region highlights the TE band gap and the dark a region highlights the 
TM (resp. complete) band gap (MIT package calculation). 



band gap only, which is still quite large for smaller radii (e.g., at r/a = 0.366, 
the gap-midgap ratio for TE modes is as large as 42.5%). 

From an experimental point of view, the approximation of infinitely long 
pores or rods can be done only in structures exhibiting high aspect ratios (ratio 
between pore/rod length to pore/rod diameter). Three-dimensional numerical 
simulations show that a 2-D photonic crystal can be approximated only by 
structures with aspect ratios larger than 20 [20]. This is difficult to achieve 
with conventional dry-etching techniques. However, a good candidate for the 
experimental study of 2-D photonic crystals is macroporous silicon, consisting 
of a periodic array of air pores in silicon. Indeed, in these structures prepared 
by photo-electrochemical dissolution of silicon in hydrofluoric acid [21,22], 
very high aspect ratios up to 500 can be obtained, as illustrated in Figure 3. 
It has been recently shown that the optical properties of macroporous silicon 
can be well described by 2-D simulations [23,24]. 

Figure 4a shows the reflectivity of TE-polarized light incident on a pho- 
tonic crystal made of macroporous silicon in the F-M direction. The photonic 
crystal has a hexagonal lattice of air pores with a relative radius r/a of 0.366 
and a lattice constant of 700 nm. The reflection was measured by using a 
Fourier transformation infrared (FTIR) spectrometer with attached optical 
IR microscope and calcium fluoride beam splitter covering a spectral region 
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Fig. 2. A 2-D gap map (normalized frequency uja/2nc versus relative pore radius 
r/a) for a hexagonal lattice of air holes in silicon (e = 11.6). The position of the 
largest gap-midgap ratio is indicated (MIT package calculation). 




Fig. 3. SEM image of a two-dimensional hexagonal lattice of air pores in silicon 
with a lattice constant of 1.5 pm. The pore depth is around 100 pm. The beveled 
etched part in front reveals the high uniformity of the structure from the top down 
to the bottom of the pores. (Courtesy of A. Birner, MPI Halle.) 



from ultraviolet (UV) to mid-IR. The light source was a broadband tungsten 
lamp. The band structure of the photonic crystal is presented in Figure 4b. 
However, these curves cannot be compared directly with the band structure, 
because not all of the bands yield very high transmission. Indeed, for the main 
directions T-M and T-K, the plane defined by the wave vector and the pore 
axis is a mirror plane of the crystal. Thus, the modes can be separated into 
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Fig. 4. (a) Reflectivity of TE-polarized light incident onto a 2-D photonic crystal 
made of a hexagonal lattice of air pores in silicon with a relative radius r/a of 
0.366 and a lattice constant of 700 nm. The light beam is parallel to the plane of 
periodicity of the crystal in the F-M direction. (Courtesy of S. Schweizer (sample) 
and S. Richter (measurement), MPI Halle), (b) Corresponding band structure for 
TE polarization (MIT package calculation). The modes are sorted as laterally even 
(dashed lines) or laterally odd (solid lines) modes. The regions where no odd mode 
exists are highlighted in a and correspond to the high-reflectivity regions. 



laterally even modes or odd modes. Since the E\\- or H_ L-field components al- 
ways have to be considered to define the mode symmetry, laterally even (odd) 
symmetry corresponds to laterally odd (even) H z - field distribution. The lat- 
eral symmetry of the modes is illustrated in Figure 5, taking as examples 
the H z - field distribution of the first and fourth bands at the M-point. While 
coupling from an incident plane wave into the photonic crystal, only the odd 
modes are excited. Therefore, the zero-transmission (resp. high reflectivity) 
regions do not correspond only to band gaps, but to frequency regions where 
no laterally odd mode exists. Therefore, the agreement between the measured 
transmission and the calculated band structure is very good. 



3 Photonic Crystals Slabs 

Since 2-D photonic crystals cannot, by definition, provide light confinement 
in the direction parallel to the pore axis, a way to avoid out-of-plane losses is 
the use of photonic crystal slabs. Slab structures consist of a thin 2-D pho- 
tonic crystal (core) surrounded by two layers of lower effective refractive index 
(claddings) that provide an index guiding by total internal reflection in the 
direction normal to the plane of the crystal, as in a planar waveguide. Differ- 
ent examples of photonic crystal slabs are shown in Figure 6. The first one, 
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Fig. 5. H z - field distribution of the (a) first and (b) fourth TE bands at the M-point 
for a 2-D photonic crystal consisting of a hexagonal array of air pores in silicon with 
r/a — 0.366 (MIT package calculation). If we consider the mirror plane defined by 
the T-M direction and the direction of the pore axis (dashed line), the first band 
has an even H z - field distribution (corresponding to odd symmetry) and the fourth 
band an odd one (corresponding to even symmetry). 




a) 




b) c) d) 



Fig. 6. Four examples of photonic crystal slabs (side view): (a) air-bridge structure 
with high index contrast between core and cladding (e.g., Si membrane); (b) low- 
index contrast heterostructure (e.g., AlGaAs/GaAs/AlGaAs system); (c) asymmet- 
ric structure with two different claddings, the upper one usually being air, current 
in SOI-based photonic crystal slabs; (d) modulated-pores structure achieved (e.g., 
in macroporous silicon). 



the so-called “air-bridge” structure has been already largely studied [25,26]. It 
consists of a thin 2-D photonic crystal in a high-index membrane surrounded 
by air (Fig. 6a). In this case, the index contrast between the core and cladding 
is very high and light is strongly confined within the core. The second example 
(Fig. 6b) is a photonic crystal slab made in a heterostructure, usually consist- 
ing of III-V semiconductor materials. In this case, the index contrast between 
core and cladding is low; thus, the mode profiles are quite extended and the 
pores penetrates deeply into the cladding layers [27,28]. The third type of 
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structure (Fig. 6c) is a hybrid case often found in silicon on insulator (SOI) 
based systems [26,29,30]. The lower cladding usually consists of an oxide layer, 
not necessarily structured, whereas in most cases the upper cladding consists 
only of air, which leads to an asymmetric structure. The first three examples 
have in common that the effective index contrast between core and cladding 
is obtained by taking another material, as in the slab, to build the claddings. 
In the last case (Fig. 6d), the effective index contrast is obtained by modu- 
lation of the pore diameter, keeping the same material. In the cladding, the 
air-filling fraction is higher, thus the effective refractive index is lower. This 
kind of structure can be obtained for example in macroporous silicon [20]. 

Because of the finite height of the structure, polarization mixing occurs 
and the modes are no longer purely TE (resp. TM) polarized. On the other 
hand, if the (x,y) plane in the middle of the slab is a mirror plane of the 
structure (i.e., if both claddings are identical as in the examples shown in 
Figures 6a, 6b and 6d), the modes can be separated into vertically even (with 
the H z component having a symmetric field distribution) and odd modes 
(antisymmetric field distribution). However, the first-order modes (i.e., modes 
having no node in the vertical direction) have field distributions within the 
core that are very similar to the corresponding modes existing in infinite 2-D 
photonic crystals. Furthermore, in the (x, y)-mirror plane itself, these modes 
are purely TE (resp. TM) polarized [31]. Thus, for first-order modes, the 
polarization mixing is quite small and the approximation even ~ TE polarized 
and odd ~ TM polarized can be assumed. Therefore, the terminologies TE 
(or H) modes and TM (or E) modes are found very often to refer to even and 
odd modes, respectively. 

In addition to the polarization mixing effect, another important difference 
between infinite 2-D photonic crystals and photonic crystal slabs lies in the 
role of the light line, which is the lowest band in the cladding system. Indeed, 
the structure supports two kinds of mode (Fig. 7b). If the slab thickness is not 
too small and the index contrast between core and cladding is not too low, 
there exist some states in the slab below the light line. Since for this (fc, a;) 
set no state is allowed in the claddings, the modes of the slab are totally 
internally reflected at the interface between core and claddings and confined 
within the core. These modes are pure Bloch modes; they are lossless in the 
case of an ideal structure where no scattering occurs. Above the light line of 
the cladding material, the modes lie within the continuum of leaky modes of 
the planar waveguide. Therefore, they are resonant or “quasiguided,” because 
they have intrinsic radiation losses related to out-of-plane diffraction. Their 
lifetime is varying; it can be very long (weak radiation losses) as well as very 
limited (strong radiation losses). The larger the index contrast between core 
and claddings, the more modes exist below the light line [9,32]. For the type of 
heterostructure presented in Figure 6b, it is even usual that no guided mode 
exists at all. A method to estimate a posteriori the radiation losses consists in 
including an effective loss into a 2-D model through a dissipation mechanism 
(i.e., by inserting an imaginary index in the air holes and calculating the 




Two-Dimensional Photonic Crystal Waveguides 167 




Fig. 7. (a) Photonic crystal slab consisting of a silicon core and two structured 
silicon oxide claddings (IOSOI structure) with air pores arranged in a hexagonal 
lattice, (b) Band structure of such a system having a relative thickness h/a = 0.4 
and a relative radius of 0.366, even modes only. Above the light line of the cladding 
system (a region), the modes are resonant; their lifetime can be very limited. Only 
below the light line (white region), the modes are guided and lossless. The position of 
the lowest second-order mode is highlighted by a circle (2-D plane-wave calculation 
taking as basis the eigenmodes of the corresponding planar waveguide). 



radiation losses using a first-order perturbation approximation). This very 
efficient method has been first developed for a transfer-matrix code [8] and 
then extended to a time-domain method [33] . 

Much theoretical work on photonic crystal slabs has focused on guided 
modes only [9,10]. However, for practical applications, the modes above the 
light line must be considered too, because an incident wave can couple light 
to all of the modes existing at a given frequency in a given direction, provided 
they have the proper symmetry. Due to the finite height of the structure, 
3-D calculations are necessary to calculate the band structure. However, sev- 
eral 3-D codes - like the MIT package - assume a periodicity in all three 
dimensions, which is not convenient for a photonic crystal slab. Due to the 
Active periodicity in the vertical direction, some additional coupling between 
resonant modes occurs, which disturbs completely the band structure. There- 
fore, only guided modes can be calculated correctly, because they do not feel 
the Active vertical periodicity. There are different methods to calculate reso- 
nant modes. One way is to use a 3-D Anite-difference time-domain (FDTD) 
code with open-boundary conditions on the top and the bottom of the struc- 
ture [34]. It is also possible to perform 2-D plane- wave calculations taking as 
a basis the eigenmodes of a planar waveguide where each layer has the same 
effective refractive index as the photonic crystal slab structure [32]. This is 
the method used in Figure 7. 

If the slab thickness is increased, the cutoff frequency of the higher-order 
modes decreases, exactly as in a planar waveguide. For too thick slabs, higher- 
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order modes can exist within the first-order band gap of the photonic crystal 
slab. Thus, if these modes happen to have the right symmetry properties to 
be excited by an external light beam, they can limit the band gap or even 
destroy it completely. Reducing the vertical index contrast Z\n, the cutoff 
frequency of the higher-order modes increases. A first guess to determine the 
cutoff frequency of the lowest second-order mode is to use the planar wave- 
guide approximation. In this very simple approximation, we calculate the 
cutoff frequency of the second mode in a planar waveguide where each layer 
has the same effective refractive index as the photonic crystal slab, using the 
following relation: 



A - 1 

Ao 2.^712 — n \,' 



( 6 ) 



where h is the thickness of the core, Ao is the cutoff wavelength, n\ and ri 2 
are the effective indices in the claddings and in the core, respectively, and for 
a photonic crystal, 

h ha 

Ao a Ao ’ 

with h/a the relative thickness of the slab and a/Ao = u;a/27rc the normalized 
cutoff frequency of the mode. There are different methods to determine the 
effective refractive index of a photonic crystal. We choose here to consider 
the light lines of the 2-D systems corresponding to core and claddings and 
take the inverse of their tangent at the T-point. For example, for a photonic 
crystal slab consisting of a silicon slab (£ = 11.6) and two structured silicon 
oxide claddings (s = 2.1) with a relative radius of 0.366, the effective refractive 
indices are 2.57 in the core and 1.25 in the claddings. For a relative silicon 
thickness of 0.4, this leads to a cutoff frequency of 0.56 for the first second- 
order mode. Such a system as well as the corresponding band structure have 
already been presented in Figure 7. It can be seen on the band structure that 
the lowest second-order mode has a cutoff frequency around 0.57, which is 
very close to the value calculated using the planar waveguide approximation. 
Therefore, this very simple method gives already a good guess of the cutoff 
frequency of higher-order modes in photonic crystal slabs. 



4 Waveguides in Infinite 2-D Photonic Crystals 

If a line defect is introduced into the 2-D photonic crystal lattice (e.g., by 
changing the pore radius of an entire pore line or removing it completely), 
some defect states are created. For a convenient design of the defect, some of 
these states ought to be located within the band gap of the photonic crystal. 
Since light cannot propagate in the photonic crystal at this frequency, it is 
localized in the surrounding of the defect in this case (i.e., the line defect acts 
as a waveguide). Figure 8 shows some examples of linear waveguides in 2-D 
photonic crystals. 
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Fig. 8. Some examples of waveguides in 2-D photonic crystals: (a) W1 waveguide 
(i.e., waveguide having a width of one pore row) consisting of a row of missing 
pores, (b) W1 waveguide consisting of a row of pores with smaller diameter, (c) 
coupled-cavity waveguide, and (d) W3 waveguide (i.e., three pore rows wide). 



The introduction of a line defect induces a symmetry breaking. Indeed, now 
the translation symmetry exists only in the direction parallel to the defect. 
Therefore, the new Brillouin zone is one dimensional, and the band structure 
of the 2-D photonic crystal has to be projected onto the k-path r(0)-J(7r/a) of 
the new Brillouin zone [35] . Figure 9 shows the band structure for TE modes of 
a W1 waveguide consisting of a row of missing pores in the T-K direction, the 
photonic crystal being made of a hexagonal lattice of air pores in silicon with 
relative radius 0.43. The band structure for the corresponding bulk photonic 
crystal has already been presented in Figure 1. The a regions in Figure 9 
correspond to the continuum of projected bands of the bulk photonic crystal. 
Comparison with Figure 1 shows that there is a TE band gap in the frequency 
region from 0.275 to 0.460, where several defect states are located. However, 
not all of these defect states are guided due to the presence of the photonic 
band gap. Indeed, in such a structure, two guiding mechanisms coexist. The 
first one is based on the existence of the photonic band gap and the second 
one is classical index guiding due to the effective index contrast between the 
waveguide and its surroundings. 

Since their existence is based on index contrast, index-guide modes (dashed 
lines) exist below the first band of the bulk photonic crystal. When they 
reach the J-point at the limit of the first Brillouin zone, they are folded back 
into the first Brillouin zone and continue to increase linearly in direction 
of the F-point, and so on. Figure 10 shows a comparison between the field 
distributions at the J-point of the two index guided modes of Figure 9 and 
those of the corresponding 2 D ridge waveguide having the same width and 
the same effective indices in core and claddings as the photonic crystal wave- 
guide. There is good agreement between the fields of both systems, taking 
into account that the index-guided modes inside the photonic crystal wave- 
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Fig. 9. (a) SEM picture and (b) band structure for the TE polarization of a linear 
waveguide in a 2-D photonic crystal. The photonic crystal consists of a hexagonal 
lattice of air pores in silicon with lattice constant 1.5 pm and relative radius 0.43. 
The linear defect is made of a row of missing pores in the F-K direction. The defect 
modes are sorted into index guided (dashed lines) and photonic-band-gap guided 
modes (solid lines) as well as into laterally even (a lines) and odd modes (black 
lines) (MIT package calculation). 



guide are perturbed by the periodicity of the pores, which leads to the stop 
gap between the modes at the J-point. Considering first the two lowest-order 
modes (having at the J-point the frequencies 0.190 and 0.193, respectively), it 
can be noticed that the first index-guided mode in the W 1 waveguide extends 
more into the photonic crystal than the second one. This can be explained by 
the fact that the wavelength of the lowest mode is larger (the mode extension 
for fundamental modes is A/2). For the third and fourth bands, having at the 
J-point the frequencies 0.228 and 0.285, respectively, and corresponding to 
the second-order mode in the ridge waveguide, the same phenomenon occurs, 
but it is much stronger. Indeed, even if the wavelength is smaller, now the 
mode extension is A, so that the third mode extends significantly into the 
surrounding photonic crystal. Thus, its field intensity is located partially in 
the air pores. Since the mode extension of the fourth mode is again smaller, 
this mode is very well located in the dielectric. Due to the important difference 
between the field distributions of these second-order modes, a much larger 
energy gap is expected between them than between the first-order ones. As a 
consequence, the fourth band lies within the band gap of the photonic crystal. 

Unlike the index-guided modes, the photonic-band-gap-guided modes ex- 
ist only within the band gap of the photonic crystal (solid lines in Fig. 9). 
Their guiding mechanism is based on the absence of allowed states in the 
surrounding photonic crystal and therefore presents a metalliclike behavior. 
Figure 11 shows the field distributions of the three lowest photonic-band-gap- 
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Fig. 10. Comparison between the H z -field distributions of the four lowest index- 
guided modes in the photonic crystal waveguide presented in Figure 9 (right) and 
in the corresponding ridge waveguide (left) having the same width and the same 
effective indices in the core (3.4 for silicon) and the claddings (1.55 for the system 
silicon/air pores with rja — 0.43). The black lines on the left demarcate the silicon 
core of the ridge waveguide and the black circles on the right indicate the position 
of the air pores of the photonic crystal (MIT package calculation). 



guided defect modes at the J-point, having frequencies 0.262, 0.352, and 0.378, 
respectively. 

Another effect that can be noticed in Figure 9 is anticrossing. Indeed, 
only modes having different symmetries can cross each other without being 
disturbed. Modes having the same symmetry interact, leading to anticrossing 
effects, as can be seen for the two laterally odd modes in the middle of the 
gap at a frequency around 0.39. The interaction between these two modes 
illustrates the fact that the distinction made between index and band-gap 
guidance is not always a rigorous one. 

Figure 12 shows the transmission through a W1 waveguide made of one row 
of missing pores in macroporous silicon, similar to that presented in Figure 9. 
The line defect is 27 pm long (18 lattice constants). The transmission through 
the waveguide was measured with a pulsed-laser source having a bandwidth 
of 200 nm and tunable over a large frequency range of the TE band gap (3.1 < 
A < 5.5 pm) [24]. The measured spectrum in Figure 12a exhibits pronounced 
Fabry-Perot resonances over a large spectral range which are caused by mul- 
tiple reflections at the waveguide facets and is in very good agreement with 
the corresponding 2-D FDTD transmission calculation of Figure 12b. Again, 
as in the case of bulk photonic crystals, only the waveguide modes with lat- 
erally odd symmetry with respect to the mirror plane in the middle of the 
waveguide can be excited by the laser beam, so that the even modes do not 
contribute to the transmission. 
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Fig. 11. H z -field distributions of the three lowest photonic-band-gap-guided defect 
modes of the W1 waveguide presented in Figure 9. The black circles indicate the 
position of the air pores of the photonic crystal (MIT package calculation). 



Due to the photo-electrochemical fabrication process, the diameter of the 
pores in the adjacent rows to the waveguide is increased, as can be seen in 
Figure 9a. This leads to a shift of defect modes to higher frequencies. In 
the transmission calculation, this particularity has been taken into account. 
Therefore, if the reflection curves are compared with the band structure of 
Figure 9, the small stopgap observed in the transmission curves for frequencies 
around 0.45 corresponds to the anti crossing between odd modes in the middle 
of the band gap. 



5 Waveguides in Photonic Crystal Slabs 

If a line defect is introduced into a photonic crystal slab lattice, the same 
phenomenon occurs as in the case of infinite 2-D photonic crystals. For an 
appropriate design of the waveguide, some defect states are located within the 
band gap of the photonic crystal, so that light is confined within the plane of 
the crystal in this frequency range. Combining this in-plane confinement with 
the vertical confinement due to the index contrast in the vertical direction, 
a 3-D light confinement is possible within a waveguide in a photonic crystal 
slab [25-29,35]. Figure 13 shows the band structure of a W1 waveguide made 
of one row of missing pores in a photonic crystal slab, calculated using the 
MIT package. The photonic crystal is made in a silicon core with relative 
thickness 0.4 surrounded by two structured silicon oxide claddings (i.e., the air 
pores extend into the oxide claddings) . The pores are arranged in a hexagonal 
lattice and have a relative radius of 0.366. The corresponding band structure 
for the bulk photonic crystal has been shown in Figure 7. The lower a region 
corresponds to the continuum of projected bulk bands, and the upper a region 
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Fig. 12. (a) Transmission measurement and (b) FDTD calculation for the photonic 
crystal waveguide presented in Figure 9. The waveguide is 18 lattice constants long. 
(Reprinted from Ref. [36], © OSA.) 



corresponds to the light cone. The defect modes below the region of projected 
bulk modes are index guided, as in the case of an infinite 2-D photonic crystal. 
Furthermore, the field distributions (1, 2 and 3) in the (x,y)-mirror plane in 
the middle of the silicon slab shown in Figure 13 are very similar to the 
corresponding ones presented in Figure 10. This is related to the fact that the 
defect modes are very well confined within the silicon core, as can be seen 
in the vertical cross sections shown in Figure 13. Above the projected bulk 
modes, the defect modes lie within the band gap of the photonic crystal. They 
are vertically confined as long as they are in the white region below the light 
line. For in-plane confinement, both guiding mechanism coexist as in the case 
of infinite 2-D waveguide structures: either the modes are index guided (like 
band 5) or they are guided due to the existence of the photonic band gap 
(like band 4). Again, comparison between the field distributions of these two 
defect modes and the two corresponding ones presented in Figures 9a and 10 
(band 4) shows very strong similarities. 

Above the light line, the defect modes become resonant; that is, they are 
still guided in the plane along the line defect but they are lossy in the ver- 
tical direction. Due to the intrinsic radiation losses, the light transmission 
through waveguides in a photonic crystal slab based on defect modes above 
the light line can be quite low. Figure 14a shows the band structure of a pho- 
tonic crystal waveguide having a relative silicon thickness of 0.3, all the other 
parameters being the same as in Figure 13. The corresponding transmission 
through this waveguide with 30a (resp. 40a) length is presented in Figure 14b. 
The calculation takes into account light in- and out-coupling to the photonic 
crystal waveguide through a ridge waveguide having the same width and the 
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Fig. 13. (Left) Band structure of a W1 waveguide made of one row of missing pores 
in a photonic crystal slab. The photonic crystal is made in a silicon core with relative 
thickness 0.4 surrounded by two structured silicon oxide claddings (MIT package 
calculation). The pores are arranged in a hexagonal lattice and have a relative radius 
of 0.366. The lower a region corresponds to the continuum of projected bulk bands, 
and the upper a region correspondes to the light cone. The defect modes are sorted 
into index-guided (dashed lines) and photonic-band-gap-guided modes (solid lines) 
as well as into laterally even (a lines) and odd modes (black lines). (Right) H z - field 
distributions of the five defect modes which are guided at the boundary of the first 
Brillouin zone (J-point). The horizontal cross sections show the field distributions in 
the (x, y ) -mirror plane in the middle of the silicon slab, the black circles indicating 
the position of the pores. The vertical cross sections show the field distributions 
in the (x, z) planes containing the intensity maxima, the black lines indicating the 
position of the silicon slab. 



same effective indices, leading to coupling losses of around 50%. The relative 
frequency range shown (0.32-0.44) corresponds to the photonic band gap of 
the crystal. Since odd modes are of interest, only the two odd defect bands are 
shown in the band structure, separated by a mini stop gap around 0.405. The 
light line of the cladding system is shown (black line). Thus, the first defect 
mode is guided only in the wave vector range 0.4-0. 5, which corresponds to a 
very small frequency range. The extreme flatness of the band under the light 
line, corresponding to very small group velocity, is, in most cases, not desirable 
because it leads to very low transmission. One way to increase the group ve- 
locity as well as the transmission window is to vary the defect width [29] . The 
main part of the lower defect band in Figure 14 (for wave vectors below 0.4), 
contributing to the transmission, is resonant. From the difference in trans- 
mission between the two waveguide lengths, the attenuation due to radiation 
losses is estimated to be in the order of lOOdB/mm for a lattice constant of 
500 nm. This estimation is in good agreement with theoretical predictions [37] 
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Fig. 14. (a) Band structure for odd modes of a photonic crystal waveguide having 
a relative silicon thickness of 0.3 and all other parameters as in Figure 13 (3-D 
FDTD calculation with open-boundary conditions on the top and the bottom of the 
structure). Only the frequency range between 0.32 and 0.44 is shown, corresponding 
to the photonic band gap of the crystal. The a regions correspond to the frequency 
regions within the photonic band gap, where no defect mode exists, (b) Transmission 
through the waveguide with 30 (a line) and 40 (black line) lattice constants length, 
respectively. The light is coupled in and out through a ridge waveguide, having the 
same width and the same effective indices as the photonic crystal waveguide. 



as well as experimental measurements on W1 waveguides in silicon [38]. The 
upper odd defect mode is entirely resonant and the corresponding transmis- 
sion is very small, indicating strong radiation losses (> 300 dB/mm). Losses for 
modes above the light line in a slab waveguide are expected to be proportional 
to the square of the vertical index contrast (As 2 ) [8]. Thus, in III-V-based 
heterostructures, losses are much lower than in SOI-based waveguides. How- 
ever, in silicon-based structures, some modes exist below the light line, being 
guided and therefore having very small intrinsic losses. 



6 Conclusion 

In summary, 2-D photonic crystals offer great possibility to guide light in 
two and three dimensions, by combining two different guiding mechanisms: 
index guiding and photonic-band-gap guiding. A line defect in the plane of 
the photonic crystal acts as a waveguide with bounded defect states. Some 
of these states exist already below the bulk modes and are guided by total 
internal reflection. They see the photonic crystal as a more or less homoge- 
neous medium with effective refractive index. These modes are very similar to 
ridge waveguide modes. Some other modes are confined within the line defect 
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due to destructive interferences with the surrounding photonic crystal. This 
second guiding mechanism is based only on the existence of the photonic band 
gap and do not exist in a ridge waveguide. If the photonic crystal is made in 
a thin dielectric slab, light can also be confined in the vertical direction by 
total internal reflection due to the index contrast between the slab and its 
surrounding. Combined with the waveguiding along a line defect within the 
plane of the photonic crystal, a possible 3-D light confinement in 2-D photonic 
crystals can be achieved. 
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1 Introduction 

Passive optical elements are essential parts of microoptical subsystems. The 
optical function of the elements is brought about either (1) through special 
surface forms or (2) with corrugated surfaces through the groove profile. Al- 
ternatively, also the distribution of the refractive index in volume media in 
form of graded index distributions (GRIN lenses) or as periodic index varia- 
tion (holographic volume elements) can be exploited to achieve useful optical 
light manipulations as, for example, focusing or deflection of light beams. 

Consequently, the following physical effects are exploited for achieving 
the wanted optical performance: (1) refraction, (2) reflection, (3) diffraction, 
(4) birefringence, and (5) polarization. In the context of microoptical elements, 
mainly the first three physical effects are the most essential ones. 

Therefore, the emphasis will be on the measuring principles for (1) surface 
forms, (2) profile measurements, and (3) optical performance of the element 
as a whole. 

Since already small surface or refractive-index variations on the order of 
parts of a wavelength will influence the optical performance, wave-optical 
methods have the highest priority in this description. 

However, some classification might be useful. Therefore the surface shape 
will be measured in reflected light, avoiding the effect of the volume or of 
the other surface of a lens on the measuring result. The main interest will, 
of course, be on the testing of lenses because focusing and collimating are 
two very essential deflection operations in addition to the light deflection of 
plane waves. Already the transition of light signals across a certain distance 
requires a beam expansion or the angular spectrum of a wave emitted by 
a laser needs some beam shaping in order to keep the losses and cross-talk 
within the specifications of the experiment. Therefore, it is obvious that lenses 
play a key role in micro-optical systems. 

On the one hand, the optical performance of lenses will be measured in 
transmitted light since this configuration is very closely related to the final use 
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of the element. On the other hand, the microstructure measurement of diffrac- 
tive surface elements requires optical profilometers as, for example, white-light 
interferometers, atomic force microscopes, or Talysurf measurements. In this 
case, the main emphasis is the correct measurement of the groove profile and 
not so much the wave aberrations of the element since it will be made by 
lithographic means where the macrogeometry of the diffractive element will, 
in general, not be the problem. 1 

Diffractive volume elements in dichromated gelatin or other photorefrac- 
tive materials can be structured for the purpose of light deflection or focusing 
by exposing the material to interferometrically produced intensity distribu- 
tions, where the main topic is the wave aberrations generated by the wave- 
length mismatch between exposure and final application. 

The measurement of such volume elements will require very general inter- 
ferometric setups and is only of limited importance for microoptical subsys- 
tems because of the strong chromatic variations of the performance with the 
wavelength. 

The main emphasis will therefore be on the testing of refractive lenses, 
which are relatively tolerant to wavelength changes. 

Within the framework of testing of “passive microoptical elements,” the 
microoptics concept needs some interpretation since the frontier between 
microelements and macroelements is more or less unsharp. 

In the case of microlenses, it makes sense to discuss this matter from the 
point of view of the functionality. Typical quantities are diameter and focal 
length or /-number. The microworld will be governed by the need to connect 
over rather small distances. If the optical function of a lens is considered, 
there is an upper limit to such distances given by the Fresnel number, which 
describes the effect of diffraction. The Fresnel number N is defined as [1] 




(i) 



where D is the diameter of the lens, A is the used wavelength, and / is the 
focal length or transition distance. 

For Fresnel numbers below 1, the diffraction limits the propagation length, 
which means that typical distances will be on the order of millimeters or 
centimeters and diameters of the lenses below 1 mm. 

On the other hand, the optical power of lenses having only a single curved 
surface will be limited to a half-sphere plano-convex lens with the focal length 



D 

2(n — 1) ’ 

1 The use of diffractive lenses with very high spatial frequencies might make a differ- 
ence because the global phase retardation introduced by the diffractive structure 
is, to some extent, dependent on the frequency itself, which might demand the 
measurement of the wave aberrations. 
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Fig. 1. Feasibility chart for microlenses. Diffractive and refractive microlenses pre- 
dominantly occupy the regions of low and high numerical apertures, respectively. 
Quantitative measurements of the wave aberrations become difficult for lens diam- 
eters below 20-30 pm. Paraxial focal length estimates are given as limiting cases for 
quartz glass and silicon. 



or the /-number will be limited to 

//# = D = 2(n--T} ' (3) 

There will be a transition to the macro region for lens testing for diameters 
above 1 mm because diffraction effects will become less serious. Diffraction at 
the rims of the microlens or the small dimensions are one main cause for the 
necessity to make microlens testing a special subject of research [2]. 

Testing with the help of wave-optical methods comprises, of course, in- 
terferometry for shape and wave aberration measurement, wave- front sensing 
methods as the Shack-Hart mann or Hartmann sensor, and even confocal mi- 
croscopy. The selection of the most suitable method will very much depend 
on the quantity to be measured. We will mainly discern surface deviation 
measurement, wave aberration measurement, and profilometry. 

The necessities for optical testing depend very much on the application 
field. A coarse classification line can be drawn between the function of light 
propagation over some distance and the function as a light-collecting element 
(e.g., in front of an area photodetector or a window of a liquid-crystal display 
(LCD)). 

In the first case, the light has to be collimated or the laser beam has to be 
shaped in order to bridge some distance or to couple light into a monomode 
fiber. Such lenses should be diffraction limited; therefore, optical testing on 
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the sub-A-level will be mandatory, which might mean measurements of the 
surface shape during the lens forming process and the final control of the 
wave aberrations after finishing of the lens. 

In the second limiting case, where the target area for focusing is very much 
larger than the Airy disk, it is not in every case necessary to measure with 
the highest accuracy, which enables also relaxed procedures when measuring 
wave aberrations or profiles. 

The selection of the test method for refractive microlenses depends very 
strongly on the material of the lens. The main features are transparency to the 
light and the refractive index. In this connection, let us consider the necessary 
measuring sensitivity for the surface deviations of spherical surfaces measured 
with a reflected-light instrument. A surface deviation of A z causes a wave 
aberration in transmitted light on the order of 



AW = (n — 1)A z 



( 4 ) 



If the Rayleigh criterion is assumed as the limiting case for diffraction-limited 
optics, then the allowable surface deviation is on the order of 



Az < 



A 

4 (n — 1) 



( 5 ) 



Therefore, Si-lenses for the mid-IR will require that the sensitivity of the mea- 
suring instrument is much better than A/ 10 (say, e.g., A/ 100), which means 
that interferometric measurements or comparably sensitive Shack-Hartmann 
tests are absolutely necessary. 

Because of the required rather high sensitivity of the test, mainly null 
tests will be mandatory, which means the involvement of some null optics. 
Null lenses within an interferometer have to be free from aberrations down 
to a level of A/ 10 or even better. The remaining aberrations caused by the 
null lens and the interferometric components define the accuracy limits of the 
test setup. Here, we will refrain from the discussion of calibration issues as, 
for example, absolute sphericity tests [3], since microlenses show deviations 
from the ideal one order of magnitude above those of a carefully designed 
interferometer or test setup. 



2 Surface Deviation Measurement for Spherical Lenses 

The optical function of spherically curved boundaries between dielectrica is 
also used in the microregion. Several methods have been exploited to pro- 
duce spherical shapes. To get the production method under control, shape 
measurements are mandatory. Commonly, tactile profilometers or white-light 
interferometry are used for this purpose. The problem with this methodology 
is accuracy. For the optical performance, small deviations on the order of parts 
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Fig. 2. Twyman-Green interferometer derived from the Michelson interferometer 
with a specialized test arm containing a beam-shaping condenser objective and the 
test sample. 



of a wavelength can be disastrous. In order to obtain sufficient accuracy, the 
optical engineer uses null tests; that is, only the small deviations of the surface 
under test from an ideal surface - here a sphere - are measured. In other words, 
the surface to be tested is probed by a spherical wave front that matches the 
surface curvature. To generate such a wave front, high-quality beam-shaping 
optics is necessary. Fortunately, in the microregion, microobjectives optimized 
for microscopy fulfill all necessary boundary conditions. 

Shape deviation measurement will be made in reflected light in order to 
separate surface effects from other contributions. The most suitable solution 
for the test is the Twyman-Green interferometer [3,4]. A general scheme is 
given in Figure 2. 

The spherical surface is positioned in the test arm and is illuminated by 
means of a microscopic objective, where the focal point of this objective coin- 
cides with the center of curvature of the surface under test. The combination 
condenser objective surface under test delivers in double passage a nearly 
plane wave front carrying the surface information as a wave aberration of 
the wave front. In the detector plane, this wave front is superimposed with a 
plane reference wave from the reference arm, resulting in an interference pat- 
tern representing the surface quality. To ensure highest accuracy, the imaging 
optics has to image the surface under test sharply. 





184 Norbert Lindlein et al. 



However, reflected-light interferometers are prone to parasitic fringes from 
reflections coming from all boundary surfaces in the light path. This is espe- 
cially true if the highly coherent light from a HeNe laser is used for a light 
source. The ease in obtaining interference fringes with laser sources has to be 
paid for with a high coherent noise background limiting the ultimate accuracy 
of the phase evaluation. However, through the transition to partially coherent 
illumination, there is, due to fringe localization effects, a severe improvement 
of the smoothness of the interference fringes possible (see Appendix A). 

As a spatially incoherent extended source, a HeNe-laser spot on a rotating 
scatterer can be used. In this way, a monochromatic incoherent light source can 
be obtained with the big advantage that the coherence length is very large. The 
extension of the region along the optical axis with high-contrast fringes can 
be restricted to dimensions that eliminate parasitic fringes of optical surfaces 
of all of the auxiliary optics in the interferometer. 

Interferometry with partially coherent light requires positioning of the ref- 
erence mirror into a plane coinciding with the image of the vertex of the lens 
under testing. This means that the reference mirror has to be shifted along 
the optical axis into the correct position. In general, this position will not 
coincide with the position for zero optical path difference, which makes tem- 
poral coherence mandatory. The laser spot on a rotating scatterer is therefore 
a valuable alternative to a spectrum lamp. 

High-contrast fringes make a careful intensity balance between the two 
arms of the Twyman-Green necessary, which is easily attainable by polarizing 
beam-splitter groups. Such a beam-splitter combination consists of half-wave 
plates polarizing the beam splitter, quarter- wave plates in the two arms of 
the interferometer, and a polarizer in the exit of the interferometer. An actual 
test setup using an extended monochromatic source is shown in Figure 3. 

For the evaluation of the phase distribution, phase-shifting interferometry 
is commonly used (for an explanation, see Appendix B). 

The more stringent adjustment requirements compared to coherent illumi- 
nation with the Twyman-Green interferometer make additional optics for the 
adjustment of the interferometer necessary. To bring the intermediate image 
of the lens surface into coincidence with the reference mirror plane, a field 
stop is used. Auxiliary optics in the entrance of the interferometer images the 
field stop onto the surface to be tested, which can be controlled in the camera 
image plane. First, the surface under testing has to be sharply imaged onto 
the detector. Second the field stop is imaged onto the surface and, third the 
reference mirror is shifted until the field stop image from the reference arm is 
also sharp on the detector. Then, the interferometer will show high-contrast 
fringes. In addition to this precautions, it is also possible to remove the ro- 
tating scatterer from the light path to realize coherent illumination. In this 
case, interference fringe will certainly be observable, which can help to reach 
the best adjustment fast. 

The Twyman-Green test is a null test; that is, it delivers the deviations of 
the surface from an ideal sphere but does not immediately give information 
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Fig. 3. Twyman-Green interferometer with partially coherent illumination for test- 
ing microspheres. The reference mirror has to be shifted along the optical axis to 
bring the mirror into coincidence with the position of the intermediate image of the 
surface to be tested formed by the microobjective in the test arm. 



on the radius of curvature. This additional information can be obtained by 
adjusting, in addition, the so-called cat’s-eye position by shifting the sphere 
along the axis until the focus of the condenser coincides with the vertex of the 
sphere. The distance between the basic and the cat’s-eye position (see Fig. 4) 
is the radius of curvature. 

The correct adjustment of the axial positions can be controlled by the 
planeness of the wave front returning from the test arm. However, due to an 
inversion of the ray path in the cat’s-eye adjustment, the scatterer has to be 
removed from the illuminating unit in order to obtain interference fringes. An 
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Basic Cat’s eye 

Condenser position position 




Fig. 4. Radius-of-curvature measurement by shifting the lens from the basic to the 
cat’s-eye position. In both adjustments, straight, parallel, and equidistant fringes 
will indicate that a plane wave leaves the reference arm. 




a) b) 



Fig. 5. Interferograms of a silicon plan-convex microlens having a diameter of 
250 pm and a radius of curvature of 750 pm. (a) Basic position indicating the devi- 
ations from an ideal sphere; (b) interferogram of the cat’s-eye adjustment with the 
rotating scatterer removed. 



example for the interference patterns obtained under these circumstances is 
given in Figure 5. 

Figures 6-8 show the results of the test of a lens made with micro jet 
printing. Figure 6 shows the interferogram together with the modulo 2 k phase 
picture following as a first step of the phase-shifting evaluation. 

The next step is the unwrapping of the modulo phase pattern. The result 
of this procedure is given in Figure 7. 

It is common usage to fit Zernike polynomials to the measured data in 
order to obtain the deviations in a smoothed representation. This enables the 
indication of certain aberrations to the surface defects of the microlens (see 
Fig. 8). 
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Fig. 6. (a) Interferogram of the surface deviations; (b) mod27r phase image after 
phase-shifting evaluation. 






a) 



Fig. 7. Deviations from an ideal sphere, (a) Pseudo-3-D plot; (b) contour line plot. 
Tilt and defocus terms removed from the measured data. 




To demonstrate strong and more or less irregular surface defects, a devia- 
tion picture of a microlens produced via laser ablation in PMMA is shown in 
Figure 9. 



3 Surface Deviation Measurement of Microcylinder 
Lenses 

Cylinder lenses can be tested in a null test. For this purpose, a diffractive null 
component can be used for beam shaping or as a reference element. However, 
microcylinder lenses having a very large numerical aperture (e.g., FAC lenses 
for beam-shaping applications in front of laser bars) will require rather high 
spatial frequencies in the diffractive structure (see Appendix C). 

The cylinder symmetry suggests a solution resting on the use of two diffrac- 
tive elements together with a grazing incidence solution onto the surface to be 
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a) b) 



Fig. 8. Deviations in Zernike representation, (a) Pseudo-3 D plot; (b) contour line 
plot. 




Fig. 9. Deviation picture of a laser-ablated microlens in PMMA: (a) phase mod 2 A; 
(b) contour line plot, tilt, and defocus terms removed. 



tested. Splitting of the functions into a beam splitter and a beam combining 
diffractive element provides significant advantages: (1) The spatial frequency 
of the diffractive optical element is constant and can be chosen within the 
margins of the lithography device, (2) the structure of the element can easily 
be adapted also to cylinder lenses with an arbitrary mathematically convex 
meridian curve, and (3) the test interferometer avoids double passages through 
the diffractive element, avoiding, in this way, parasitic beams. The interfero- 
metric setup can be inferred from Figure 10. One diffracted first order is used 
to illuminate the cylinder lens. The diffractive structure consists of curves 
parallel to the meridian curve. The zero-order light can be exploited as refer- 
ence. The second diffractive optical element (DOE) acts as a beam combiner, 
bringing the waves to interference. Phase shifts for the evaluation of the phase 
distribution can be introduced by shifting one of the DOE’s axially by Az. 
The axial shift Az of one DOE to generate a phase shift by one period of the 
fringe pattern is 
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Fig. 10. Scheme of a grazing incidence interferometer for measuring surface devia- 
tions of microcylinder lenses. The DOE 1 and DOE 2 are beam splitters and simul- 
taneously beam shaper for the plane wave entering and the conical wave leaving. 
Lenses with a noncylindrical meridian curve can also be tested by structuring of the 
DOE accordingly. 




Fig. 11. Side view of the central part of an interferometer built up from commercial 
adjustment units comprising the two DOEs and the lens under test. 



where p is the pitch of the DOE and A is the wavelength used in the interfer- 
ometer. An experimental setup based on the scheme of Figure 10 is given in 
Figure 11. 










190 Norbert Lindlein et al. 




Width control 



Control cursors 
for boundary lines 



Symmetry curve 
calibration line 



Center indicated 
by the cross 



Rtm 



of lens shadow 



Fig. 12. Interactive mask field for the selection of the region of interest; the direction 
along the cylinder axis is running upward and the coordinate across runs laterally. 



Due to the special geometry, the surface is mapped into a conical-shaped 
region on the DOE or the charge-coupled device (CCD) chip, respectively (see 
Fig. 12). 

The empty interferometer has to be set up beforehand. For this purpose, 
the structured DOE regions are larger than the actual need would require. 
This leads to an overlap of the wave fronts of the zero and the first orders 
in the rim regions on DOE2 and also produces interference fringes. These 
fringes can be used to obtain a basic adjustment because the interferometer 
is correctly adjusted if the fringes in the regions of overlap are “fluffed out.” 
In addition, the DOE designer can place auxiliary structures in the regions 
outside the test field, which indicate rotations and distances of the two DOEs 
relative to each other. 

The region of interest is selected with the help of the mask field of 
Figure 12. One has to bring the rim of the lens shadow into coincidence with 
the lower arc and then adjust the mask field to the interference pattern on 
the CCD chip. 

Figure 13 shows the result of a phase-shift evaluation. The measurement 
gives the deviations in units of the effective wavelength, where a phase differ- 
ence of 27 r corresponds with a surface deviation of p/2, with p being the pitch 
of the DOE structure (see Appendix C). 

With a value of p = 5 pm, one can achieve repeatabilities on the order of 
25 nm root mean square. 

The same result in a contour line representation of the unfiltered data and 
as a polynomial is shown in Figure 14. 
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Fig. 13. The steps of a surface measurement: (a) Interference pattern with no- 
ticeable misalignment in the x direction; (b) unwrapped phase map containing the 
adjustment errors and the surface information (P-V value about 40 |jim); (c) remain- 
ing surface deviations after the reduction step; (d) measurement result in pseudo-3-D 
view where the mantle surface has been unrolled into the drawing plane. The z axis 
corresponds the length and the x axis corresponds the width of the lens. 
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Fig. 14. Unwound surface data in microns as contour line plot (local data (a)) and 
contour line plot for a polynomial fit of degree 10 (b). 



4 Measurement of Wave Aberrations 

Lens systems can be tested in reflected-light interferometers (Twyman-Green 
interferometer) using double-pass as well as in transmitted-light instruments 
using a single-pass geometry (Mach-Zehnder interferometer). 

The first approach has its advantages if high-quality systems are to be 
tested because the light traverses the optical surfaces of the system under test 
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at the same locations due to the small-angle aberrations of the system under 
test. A double-pass interferogram is, therefore, a sufficient representation of 
the optical channel under test. 

For microlenses, the situation might be different, because the state of cor- 
rection will, in general, be poorer because only a single surface can be bent 
to obtain optical power. Inevitably, the remaining aberrations might be one 
order of magnitude worse than in the above-discussed case. In addition, with 
microlenses, the imaging problems of the system under test onto the camera 
are more involved since, in the general case, the diffracted wave at the rim 
of the lens will not be negligible. Only if a convex reference mirror can be 
positioned in the very neighborhood of the lens aperture, these disturbances 
might be tolerable. The use of a concave reference mirror is not recommended 
because of the imaging situation. Double-pass setups are therefore prone to 
systematic errors. 

In the case of the test of microlenses, a high-quality microscopic objec- 
tive of adequate numerical aperture is sufficient since the deviations of the 
microlenses are greater by at least one order of magnitude. 

In addition, transmitted single-pass setups are not so strongly impaired by 
parasitic fringes because the reflected light originating at glass surfaces in the 
instrument has to be reflected twice in order to be scattered in the forward 
direction as the wave used in the test. This reduces the intensity contributions 
from spurious reflections to the “pars pro mille” region compared with the test 
waves. 

Whereas the Twyman-Green geometry only delivers sufficiently smooth 
interferograms under partially coherent illumination, the Mach-Zehnder in- 
terferometer delivers also under laser illumination sufficiently smooth inter- 
ferograms, offering in this way greater design freedom since violations of sym- 
metry rules do not impair the contrast of the interference pattern. 

Additionally, the single-pass geometry offers for slow lenses even the op- 
portunity to measure the total phase lag of the microlenses without violations 
of the sampling theorem. This makes an estimation of the back focal length 
possible. 

The wave aberrations are the optical excess paths from the path an ideal 
spherical wave would take (see Fig. 15) from the exit pupil to the image point. 

Here, we will restrict the discussion to the configuration oo/f (i.e., plane- 
wave illumination of the microlens and, consequently, with the image point 
in the back focal plane). After the wave aberrations have been determined, 
the point spread function and the optical transfer function can be derived 
through Fourier transformation for the selected field point. In most cases, the 
axial focus point will be selected for symmetry reasons. 

The wave aberrations will be measured for refractive lenses in transmit- 
ted light. Therefore, a Mach-Zehnder geometry is used where a telescopic 
microscope is incorporated in the object light path and the reference wave 
front is a plane wave traveling along the reference path of the Mach-Zehnder. 
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Fig. 15. The wave aberrations are the optical excess paths from the path an ideal 
spherical wave would take. 



The plane-wave philosophy reduces the systematic error contributions in the 
interferometer to the optical tolerances of the interferometer components. 

One of the boundary conditions has been that rather large lens arrays 
should be measurable which requires a large x,y - stage and, in addition, a 
perpendicular support for the lens arrays. This has been the reason for im- 
plementing the Mach-Zehnder geometry [5, 6] into a commercial microscope 
[Carl Zeiss Jena (JENATECH)]. This could only be realized using a fiber- 
based solution (see Fig. 16), which will now be described. 

The beam of a HeNe laser is split by a polarizing beam splitter group 
consisting of a polarizing beam-splitter cube (PBS) and a half-wave plate 
(HWP) at the entrance to enable the balancing of the two interfering beams. 
The fibers are of the polarization-maintaining type in order to keep the po- 
larization signature for the balancing of the brightness in the two beams of 
the interferometer. 

The second beam splitter is a nonpolarizing one. In order to force the two 
beams to interfere, the plane of polarization of the reference beam is rotated 
by 90° just by twisting the fiber end accordingly, which can be controlled with 
the help of a polarizer. This solution has been chosen in order to avoid the use 
of a sheet polarizer in front of the CCD chip. It turned out that the optical 
quality of these polarizers is inferior to the chosen solution. The disadvantage 
of this solution is a loss in the freedom to continuously adapt the intensity 
to the dynamic range of the CCD array. To obtain the necessary degree of 
freedom for the intensity control, two polarizers are placed in front of the 
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Fig. 16. Scheme of the Mach-Zehnder interference microscope for measuring the 
wave aberrations of microlenses. The Mach-Zehnder interferometer is based on a 
Zeiss-microscope type JENATECH. 



HWP. The polarizer in front of the HWP stays fixed and the second polarizer 
can be used as an attenuator for the laser intensity. 

The microlens to be measured is illuminated by means of a spherical wave 
from the back side, which is generated by means of a high-quality microobjec- 
tive. The microlens transforms this wave back into a plane wave. A telescopic 
microscope produces an image of the lens on a CCD camera, on the one hand, 
and an expanded plane wave on the other, which enters a second polarizing 
beam splitter is superimposed by a plane reference wave fed through the sec- 
ond fiber and an expansion lens to a second beam splitter. One of the mirrors 
in the object arm of the Mach-Zehnder interferometer (MZ) is mounted on 
a piezo transducer (PZT) driver to enable phase-shifting interferometry. For 
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Fig. 17. Interferogram of a diffractive eight-level microlens. 



this purpose, the CCD camera has a pixel-synchronous frame grabber coupled 
to a PC. 

The interference microscope is equipped with two “probe wave-front” al- 
ternatives: one for weak-phase objects and the other for wave-aberration mea- 
surements. 



5 Weak-Phase Objects 

For general phase objects, plane- wave illumination is most suitable. Typi- 
cal objects are biological objects and, to some extent, also binary objects as 
diffractive optical elements as long as the phase lag between neighboring pixels 
stays well below 7r. Such an example is given in Figure 17, where one period 
of an eight-step Fresnel lens is shown as an interferogram. 

Another example is a refractive beam-shaping element which is several 
wavelengths deep. It is known that beam shaping can be achieved through 
diffractive optical elements. However, in the case of an unequivocal spatial 
relationship between the planes of the element and the reconstruction plane, 
one may even use refractive beam-shaping elements, as is done in the case 
of microlenses or homogenizers. Since one can assume that the elements are 
weak-phase elements, plane-wave illumination is suitable to determine the 
total phase lag due to the profile of the refractive beam shaper. A typical 
sample has been measured with the help of the Mach-Zehnder microscope. 
The results are given in Figure 18. 

Even for slow microlenses, the total phase lag introduced by the lenses can 
be measured if the illuminating wave is a plane wave. In this case, one can 
obtain the test result for a subsection taken from the array of microlenses (see 
Fig. 19). This might be of some value for uniformity tests of microlens arrays. 
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Fig. 18. Phase distribution of a refractive beam shaper measured in transmit- 
ted light (selected field from a symmetrical structure only): (a) phase mod27r; (b) 
pseudo-3-D plot of the phase distribution (scale in wavelengths at 633 nm). 




Fig. 19. Array of microlenses illuminated with a plane wave. 



In addition, it is possible to estimate the power of the lens if the diameter of 
the lens is known and the number of fringes is counted. 

If for this estimation the assumptions of a paraxial imaging are presumed, 
the power 

d = 7 (7> 

can be calculated from the radius g of the lens aperture and the order number 
of the fringe pattern in the rim region (i.e., the number of fringes m counted 
from the center to the rim of the lens): 

1 _ 2mA 

7 = _ ?~ 

If a phase-shift evaluation is possible, the phase at the rim can be taken, 
or for fast microlenses, the central part of resolved fringes can be evaluated. 
Before the phase-shifting evaluation starts, the ring mask being adjusted to 
the lens aperture can be used because the number of pixels for the diameter is 
indicated. A simple calibration with the help of a commercial object microm- 
eter delivers the absolute diameter 2^ mas k in micrometers. With the measured 
phase $ in radians one obtains 



(8) 
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Fig. 20. Total phase lag of a diffused microlens with a quadratic format: (a) circular 
field; (b) total aperture. 
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The removal of linear and quadratic phase terms delivers the wave aber- 
rations also for weak lenses (see Fig. 20). The phase-shifting software delivers 
such data fields automatically in the form of deviations from the reference 
sphere or as Zernike coefficients. 



( 9 ) 



6 Microlenses as Strong-Phase Objects 

All refractive or diffractive elements which form a spherical wave from a plane 
wave and vice versa can be tested with the help of the spherical wave-front 
illumination in the object beam. The element to be tested transforms the 
illuminating spherical wave into a plane wave, which can be observed by the 
detector array (lens examples are given in Fig. 21). 

In other words, what are measured with the help of the interferometer 
are the wave aberrations of refractive or diffractive microlenses. From these 
data, one can calculate the point spread function of the microlens via a fast 
Fourier transformation (FFT) . An additional inverse FFT of the point spread 
function provides the optical transfer function (OTF), the modulus of which 
is the modulation transfer function (MTF), which is another essential merit 
function of optical channels. 

The measurement of the wave aberrations is carried out by using the phase- 
shifting algorithm described in Ref. [7]. The result of the evaluation is the 
phase distribution in the exit pupil: 



*(*,») = y W(x,y), 



(10) 
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a) b) c) 



Fig. 21. Interferograms showing the wave aberrations for refractive microlenses: (a) 
circular aperture and (b) hexagonal aperture; (c) a diffractive microlens. 



where W(x,y) are the wave aberrations of the lens under test. In Figures 
22 and 23, measuring results are given for quartz glass lenses produced by 
different techniques. 

These wave aberrations can be expanded into Zernike polynomials 
Wzernike(£, <p) of the form 

G \l\<n;(n-\l\) even 

f^Zernike(^? ty) = E E ZniZ l n (Q,ip)(g,<p), (11) 

71=0 1=0 

where Z n i are Zernike coefficients, 

Z l n (g cos ip, 0 simp) = R l n (r) e llv> , 



( n — m ) 

Rt m (r) = E (- 1 ) 5 

s=0 



(n-s)l r n-2s 



for 4 < G = 10, |/| < n, (n — |Z|) even m = |Z|. 

The point spread function follows then from the Fourier transform of 



G(x, y) = exp y)), ( 12 ) 

where the point-spread function (PSF) is 

PSF(£,r 1 ) = \FT{G(x,y )}\ 2 (13) 

The optical transfer function is calculated from the PSF data via an inverse 
Fourier transformation: 



OTF(i/,//) = FT - 1 {PSF(£, 77 )}. (14) 

In general, the most essential quantity is the MTF, being the modulus 
of the OTF. The phase of the OTF is in most cases not so conclusive con- 
cerning the optical behavior. This is especially true if the wave aberrations 
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Fig. 22. The PSI screen after a measurement. 



are rotational symmetric, which is the most common situation because of the 
production methods of microlenses. That is the reason why we follow here the 
general procedure of lens design programs and put the emphasis on the PSF 
and the MTF. 

It can be shown that the OTF is the autocorrelation function of the pupil 
function [8], which has severe consequences for the domain in the pupil space, 
which has to be preserved for the calculation of the OTF; that is, the data 
space should be greater than twice the area of the exit pupil. Calculating the 
Fourier transform on a PC means the transition to discrete sets of data, which 
is necessary because the measured data are also given as a discrete matrix 
of $ values. Fourier transformations are using the Cooley-Tuckey algorithm 
(FFT) which relies on datasets in the x and y directions with dimensions 
being powers of 2 [9]. 

The usual procedure is as follows: One starts with the matrix of measured 
data having the dimension (n, n) and fills the dataset with zeros up to the next 
close power to the basis of 2, and, afterward, this area is again doubled and 
filled with zeros in such a way that the pupil function fills the central part of 
the data window. Doing so, it is guaranteed that the autocorrelation function 
can be calculated. In addition, widening the pupil aperture by adding zeros in 
the rim region of the pupil provides a much denser sampling in Fourier space, 
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Fig. 23. Interferogram and evaluation results for a spherical microlens made with 
microjet technology in PMMA: (a) Intensity of the interferogram, (b) wrapped phase 
map, (c) deviation contour line plot as Zernike fit of degree 10, (d) PSF plot, and 
(e) MTF plot. 



which means, in this case, in the PSF space. This is essential because the PSF 
only differs from zero within a very small region of the data field because it 
is the 5 response of the optical system under test. 

From the Fourier transform and the inverse transform, only relative values 
follow. In order to obtain absolute figures for the extension of the PSF and 
the MTF metric quantities have to be entered into the program. These values 
are the focal length / and the diameter 2 g of the lens. In this approximation, 
it is assumed that the numerical aperture is 

NA = | . (15) 

It should be mentioned that this expression is only valid if the sine condition 
is fulfilled or if the principal “plane” H' is a sphere centered about the image 
point (here, the focus due to the assumed test geometry). Thus, it is advisable 
to be careful in the case of high-numerical-aperture lenses, which can only be 
realized with materials having a very high refractive index. This is out of the 
question in the case of normal fused silica lenses. 

For the diameter, one has to take the actual lens aperture, not the filled-in 
aperture due to the FFT algorithm. This is also true for the MTF since the 
field used in the transformations is larger than unconditionally necessary. The 
theoretical cutoff frequency for the ideal lens is 

2NA 
A - ’ 



^cutoff — 



(16) 
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Fig. 24. Test setup for cylindrical lenses in transmitted light with the use of a 
diffractive optical element, as reference element, and beam shaper (on the left). Ac- 
tual compensating scheme of the cylindrical wave front with the help of a diffractive 
reference element which produces a plane wave from the cylindrical wave originating 
from the FAC lens. 



The algorithm yields numerical values normalized by this cutoff frequency. 



7 Test of Cylindrical Microlenses in Transmitted Light 

Cylindrical microlenses with a high numerical aperture (so-called FAC lenses) 
are used as beam-shaping elements for the fast axis of laser bars. Numerical 
apertures as high as 0.8 are quite common. For small M 2 values diffraction- 
limited performance is required. Therefore, the measurement of the wave aber- 
rations of such lenses is mandatory. Diffraction-limited performance can, in 
general, only be achieved by aspherization; that is, the surface profile deviates 
in this case very significantly from an ideal circle. 

Wave aberrations can only be measured if the cylindrical curvature of the 
wave field generated by the cylindrical lens is compensated for by a diffractive 
optical element. Here, the need for the application of DOEs becomes obvious 
(see Fig. 24). 

One of the problems with the use of DOEs as reference elements for opti- 
cal testing is their strong chromatic aberration if the wavelength of the test 
setup differs from the design wavelength. That is the reason why many test 
setups including DOE references rely on the HeNe laser because it provides 
both wavelength stability and sufficient coherence length. However, the pump 
wavelength for solid-state lasers generated by semiconductor laser bars are 
located in the near-infrared (NIR) region at 808 or 940 nm. Testing the re- 
fractive cylinder lenses at these wavelengths or at least in the neighborhood of 
the pump wavelengths will be necessary (an exemplary interferometer setup is 
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variable 





Fig. 25. Actual Mach-Zehnder test interferometer using monomode fiber coupling 
to the two interferometer arms, enabling a very flexible design. 



given in Fig. 25). In addition, the transition to wavelengths in the NIR helps 
the use of DOEs because the diffractive structures scale with the wavelength. 

However, the requirement for the coincidence of design and test wavelength 
remains. The tolerances for wavelength deviations are very small, which can 
be shown by calculating the chromatic effects. Figure 26 shows the wavefront 
aberration which is introduced by a mismatch of only 1 nm between the design 
and test. Thus, it becomes obvious that a stabilized semiconductor laser with 
a sufficiently known wavelength is mandatory to get reliable wave-aberration 
data. 

For test applications, the DOE structure can be binary because it is pos- 
sible to spatially filter the wave field after passing the combination lens/DOE 
beam shaper. The basic idea is to use plane waves whenever possible, which 
means that a plane wave should enter and leave the lens/DOE combination 
apart from a small deviation due to the small deviation from the ideal lens 
shape. 

To enable spatial filtering, a linear phase function along the cylinder axis 
is added to the phase function of the cylinder DOE. This introduces a tilt to 
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Fig. 26. Wave aberration of the order A/4 generated through a wavelength mismatch 
of only 1 nm from 808 to 807 nm. 



• 1* 4* « >1 IH 1» 141 Jil HI 




Fig. 27. Simulation of the test arm configuration using a carrier frequency DOE. 



the diffracted wave. In order to force the test wave front on-axis, a small prism 
is added to the ray path (see Fig. 27). In this way, the test wave is on-axis 
and all disturbing waves can be stopped out being off-axis. 

However, in every test setup, be it an interferometer or a Shack-Hartmann 
sensor, there is the problem of alignment aberrations due to misalignments 
of the sample under test relative to the frame of the test setup, which also 
comprises the DOE reference. This is well known from Twyman-Green inter- 
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Fig. 28. Interferogram of an acylinder lens showing the effects of astigmatic aber- 
rations due to a rotation about the y axis. 



ferometers and the Mach-Zehnder for spherical lens testing. In general terms, 
the wave aberrations A W due to misalignments represented by a shift vector 
e = (6x, 5y , Sz) are in a linear approximation proportional to the gradient of 
the wave front W(x, y) of the lens under test: 

AW(x,y) = grades. (17) 

Here, the rotational symmetry is broken, therefore, the paraxial functional 
representing the misalignment of the cylinder lens for small alignment errors 
and small numerical apertures is an (x, y)-polynomial of the following form: 

A W (x, y) = ai+ a 2 x + a 3 y + a±xy + a 5 x 2 + a Q yx 2 + a 7 x 3 , (18) 



where the cylinder axis is assumed as being parallel to the y axis. In addi- 
tion, higher orders have to be included in the polynomial for lenses with high 
numerical apertures: 



AW (x, y) = ai+ a 2 x + a 3 y + 



(q 4 + a 3 x + a^y + a7%y) 
\// 2 +x 2 



(19) 



where / is the focal length of the DOE. 

The acylindrical lens has 5 degrees of freedom of movement relative to the 
frame of the test setup. Astigmatic terms will, for example, occur if the axes 
of lens and DOE are skew to each other (see Fig. 28). Quadratic contributions 
will arise for the x coordinate from defocus alignments. 

One special problem of microcylinder lens testing are the lateral extensions 
of the lens on the order of 1mm x 10 mm because the slitlike aperture does 
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Fig. 29. Combination of a cylinder lens with a DOE in such a way that an anamor- 
phic compensation occurs, which supports the interferometric evaluation of the wave 
aberrations of the lens. On the left: cylindrical lens without DOE, on the right: 
anamorphotic rectification of the lens aperture due to the DOE. 




Fig. 30. Test result obtained with the DOE-assisted Mach-Zehnder interferometer 
of Figure 24. The lens aberrations (e) are extracted from the interferogram by re- 
moving alignment contributions. The figure shows the single steps from gathering 
five phase-shifted intensity pictures (a), the calculation of the phase mod27r (b), the 
phase unwrapping (c), and the elimination of alignment aberrations (d). 



not match the geometry of the CCD camera. The number of measured val- 
ues is therefore very much reduced, which hampers the resolution for sections 
perpendicular to the cylinder axis. An anamorphic system such as a prism 
telescope could be used to stretch or quench one dimension in order to rec- 
tify the geometric mismatch. However, this would mean additional elements 
causing systematic wave aberrations. A more straightforward solution is the 
exploitation of the DOE also as an anamorphot as shown in Fig. 29. 
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Fig. 31. Top: Illumination with a plane wave; bottom: Illumination with a high- 
aperture microobjective; cylinder axis is oriented along the y axis. 



The lens to be tested could be imaged through the DOE, but there will be 
astigmatism in the imaging process, introducing a certain uncertainty in the 
location of the deviations on the lens surface. If the DOE surface is imaged 
sharply, this astigmatism is avoided, but a good alignment is then mandatory 
in order to avoid problems with the interpretation of the wave-aberration 
pictures. 

Figure 30 shows a measuring result of a FAC lens with a numerical aperture 
of 0.8. The single steps from gathering the phase-shifted intensity pictures to 
extracting the relevant surface information can be inferred from the figure. 

Since it is rather difficult to produce DOEs having high spatial frequencies 
with sufficient accuracy and efficiency, it is useful to think of testing alterna- 
tives. The cylinder symmetry of the sample under test enables at least the 
test along a single section through the profile if the illumination with the help 
of a high-numerical-aperture microscope objective is chosen. Then, one has, 
in addition to the central section along the cylinder axis, also information on 
the deviations from the true cylinder wave in one section of the lens. Global 
deviations of the vertex region of the cylinder lens can be derived with the 
help of plane- wave illumination of the lens (see Fig. 31). 

The successive measurement of sections perpendicular to the cylinder axis 
could also give a sufficient survey of the lens performance together with the 
evaluation under plane- wave illumination for the cylinder vertex region. 
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Appendix A: The Reduction of Coherent Noise in 
Interferograms 

Interference patterns generated with lasers are plagued by “dust diffraction 
patterns” and spurious fringes due to the high spatial and temporal coherence. 
The temporal coherence is, in most cases, advantageous because it alleviates 
the optical layout of the interferometer and eases the adjustment of the whole 
setup. However, the coherent noise caused by the high spatial coherence limits 
the ultimate phase definition to values around A/50. 

Dust diffraction patterns are enhanced due to the heterodyne advantage 
of interferometry if spatially coherent illumination with a laser is used. 

In the past, before the advent of the laser, interferometry had to use inco- 
herent spectrum lamps. Due to an extended monochromatic light source, the 
fringe contrast in plane mirror interferometers is localized in the neighborhood 
of a plane perpendicular to the mean light direction containing the axis of ro- 
tation for the light source space; that is, in case of a Michelson interferometer, 
the crossover line of the two end mirrors of the interferometer [10, 11]. In this 
case, the fringe pattern shows smooth fringes, indicating a disturbance-free 
phase distribution. Spurious fringes will vanish because their contrast maxi- 
mum is positioned in another depth region of the interferometer space. Since 
there is a localization plane, the surface to be tested has to coincide with this 
plane and should be sharply imaged onto the detector. It happens that this co- 
incidence is realized if the extended light source is at infinity or, equivalently, 
if the light beam is collimated. 

A simple explanation for the localization of the high-contrast region to the 
condition OPD = 0 follows from the path difference of a plane-parallel mirror 
interferometer: 

OPD - 2 dy/n 2 - sin 2 a, (20) 

where d is the thickness of the plane-parallel plate, n is the refractive index, 
and a is the angle of incidence of a light wave. The variation of the OPD 
with the aperture angle will therefore tend to zero if d = 0, which is just the 
above-mentioned condition. 

Hansen showed, in a series of articles, how this principle can be applied to 
the Twyman-Green interferometer [12-14]. In this case, only the combination 
of the condenser system plus the spherical surface under test could be replaced 
by a plane mirror at the position of the intermediate image of the surface under 
test produced by the condenser system (see Fig. 32). 

From this follows that the reference mirror should be axially shiftable in the 
reference arm and should coincide with the virtual location of the intermediate 
image (see Fig. 33). 

Partially coherent illumination using a laser can be realized by using an 
extended laser spot on a rotating scatterer. Within the integrating time of the 
detector, the speckle patterns generated by the scatterer are moving, resulting 
in an integration effect. 
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H, IT (L) Focal plane 




Fig. 32. Position of the plane mirror substitute for the combination condenser 
system plus spherical surface under test. 




a) b) 



Fig. 33. Interference pattern of the lens under test in the basic position with two 
different positions of the reference mirror: (a) reference mirror coincides with the 
intermediate image (field stop image in focus!); (b) reference mirror 50mm outside 
the correct position (field stop image unsharp!). 



This method opens also the opportunity to remove the scatterer out of the 
ray path, providing also the case of coherent illumination. The latter possi- 
bility is essential if the radius of curvature is to be measured [ 15 ] since in the 
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Fig. 34. Interactive “live- video display” of the interference fringe field on the CCD 
camera. 



cat’s-eye position, an inversion at the optical axis occurs, which presupposes 
total spatial coherence. 



Appendix B: Evaluation of Phase Distributions Using 
the Phase-Shifting Method 

The measurement of wave-front aberrations using the phase-shift technique [7] 
requires the intake of several intensity pictures of the interference pattern (s. 
Fig. 34) differing by the arbitrary reference phase. A minimum of three phase 
values within one period of the interference pattern is necessary in order to 
separate the phase from the mean intensity and the visibility. An algorithm 
immune against calibration errors uses five phase steps [16] with a step width 
of 7r/2 resulting in the raw phase: 

= arctan mod 2i r, (21) 

h ~ 2/3 + I5 

where the intensities I\ through I5 are read in. 

These phase values show phase jumps by 2n which have to be removed 
through next-neighbor operations. The assumption is, of course, that the sam- 
pling theorem is fulfilled, which means that in the case of two-beam interfer- 
ence, more than two samples per period of the interference pattern are taken 
everywhere in the exit pupil of the interferometer. 

After the unwrapping operation, the phase values have to be freed from 
contributions due to the adjustment. In the case of a spherical surface, this is 
tilt and defocus, which is represented for small misalignments by the following 
second-order polynomial: 

^def = cl + bi + cj + d(i 2 + j 2 ) , (22) 

where i and j are the pixel numbers in the line and row of the CCD array 
and a, 6, c, and d are parameters describing the misalignment. The determi- 
nation of the latter parameters follows from a least-squares optimization of 
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Fig. 35. (a) Phase mod 27r, (b) unwrapped phase distribution, (c) surface deviations 
from a best-fitting sphere. 




Fig. 36. Contour line plot of the deviation data (Zernike polynomial of degree 10). 



the variance: 

Var = {*££» - ^def} 2 =* Min. (23) 

With the help of this set of parameters, obtained the measured values are 
corrected (see Fig. 35c). 

The global deviations of the surface can be extracted through fitting of 
Zernike polynomials to the measured data and the graphic display of this 
polynomial in form of a contour line plot (see Fig. 36). 



Appendix C: Grazing Incidence Interferometry Using 
Diffractive Optical Elements 

The test of aspherics in a null test configuration requires either special null 
lenses made from refractive components or the use of computer-generated 
holograms or of DOEs. In the latter case, the wave is generated through 
diffraction [17]. Common aspherics are tested in perpendicular incidence; that 
is, the wave normal of the probing wave front impinges along the surface 
normal of the surface under test (see Fig. 37a). 
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Fig. 37. (a) test with perpendicular incidence of the probing wavefront requires very 
high spatial frequencies to realize deflection angles, (b) by splitting the function the 
DOE structure has a constant pitch and the structures are parallel curves to the 
meridian 



In the case of the grazing incidence interferometer using two DOEs, the 
zero diffraction order is exploited as the reference wave, and one of the 
diffracted first order waves is exploited as a probe wave front for the sur- 
face under test [18,19] (see Fig. 37b). After reflection at the surface, the wave 
is retransformed into a nearly plane wave front carrying the surface informa- 
tion as wave-front deviation from a plane wave and giving rise to the test 
interferogram [19-24]. 

Furthermore, the interferometer is achromatic due to the diffractive split- 
ting units. This means that the chosen wavelength influences only the degree 
of the anamorphic distortion, not the sensitivity to surface deviations. The 
interferometer works with an effective wavelength equal to the pitch of the 
DOEs. This follows from the fact that the diffraction angle a follows from the 
grating equation 

sina= — (24) 

V 

and the fact that the cosine of the incidence angle is equal to sin a. 

Therefore, the simple equation holds: 

A e ff = p . (25) 
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1 Introduction 

Recent progress of optical fiber communication systems bring about tremen- 
dous possibilities of digital communication. In these optical fiber communi- 
cations systems, lenses play an important role for coupling the light between 
optical devices such as LDs (laser diodes), fibers and PDs (photodetectors). In 
order to expand the possibilities of light coupling, lenses are integrated with 
multiple functions. In this chapter, I introduce the integration technologies of 
microlenses. The integration technologies can be categorized into two classes: 
the vertical integration and the horizontal integration. The vertical integra- 
tion means to integrate an additional function on the lens along its optical 
axis. The horizontal integration means to integrate microlenses as a planar 
arrayed structure. 

For the vertical integration, dielectric filter coating for the high-performance 
optical filter is introduced. Also, the planar microlens array that is the hori- 
zontally integrated two-dimensional microlens array is introduced. The planar 
microlens is used in the optical interconnection of an LD array and an op- 
tical fiber array. These microlens integration technologies are bringing new 
possibilities in the optical fiber communication systems. 



2 Selfoc (GRIN) Lens 

Usually, lenses that focus light uses curved surfaces where the refractive index 
is changed discontinuously. On the other hand, we sometimes see a mirage in 
the nature, which has interesting optical phenomena. We see the mirage when 
the refractive index of the air is gradually changing, which is caused by the 
temperature change of the air. 

In 1969, the Selfoc™ lens, a cylindrical gradient-index (GRIN) lens was 
demonstrated [1]. The Selfoc lens is a trade mark of Nippon Sheet Glass 
Co., Ltd and GRIN is the general name that comes from Gradient Index. The 
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Fig. 1. Selfoc lenses. 



Selfoc lens is the cylindrical rod that has the lens effect in the axial direction. 
Figure 1 is a picture of the Selfoc lens. The refractive index is the highest on 
the center axis and gradually deceases in the radial direction. The refractive 
index of the Selfoc lens is described by 



N(r) = no ^1 - ^r 2 ) , (1) 

where r is the distance from the center axis and no is the refractive index 
on the center axis and A is the coefficient that describes the decrease of the 
refractive index of the Selfoc lens. 

When the refractive index of the Selfoc lens is described by Eq. (1), the 
ray trajectory of in the Selfoc lens is described by the combination of the sine 
function and the cosine function: 

r = ro cos(y/Az) + ro sin(y/Az). (2a) 

Also, the angle of the ray trajectory is described by 

r = —ro V~A sin (y/Az) + fo^/A cos (VAz), (2b) 

where dot denotes the differentiation in the optical axis, which means the 
angle of the light ray. The pitch of the ray is related to square root of A, 
which describes the decrease of the refractive index. When the product of the 
square root of A and distance in the optical axis z equals 27r, the ray trajectory 
makes one pitch of the sinusoidal curve: 



y/Az = 2i r. 



( 3 ) 
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Fig. 2. Refractive-index distribution of Selfoc lens and ray trajectory. 



The concept of refractive-index distribution and ray trajectory is shown in 
Figure 2. 

When the diameter of the rod is the order of millimeters, the Selfoc lens 
can be used as a convenient microlens. It was also studied when the diameter 
of the rod is a few tens to 100 pm; the rod works as a multimode optical 
fiber with a very small modal dispersion [2]. The optical fiber was made by 
drawing the Selfoc lens in a small diameter that is called Selfoc fiber. The 
first commercial optical fiber transmission system was installed in the Florida 
Disney World in United States in 1978 using the Selfoc fiber. 



3 Application of the Selfoc Lens 

The dense wavelength division multiplexing (DWDM) system is the sig- 
nificantly important telecommunication system with a huge capacity. The 
DWDM system is multiplexing optical signals with different wavelength chan- 
nels. The wavelength band used for the DWDM is selected for the wave- 
length range where the EDFA (Er-doped fiber amplifier is used: around 1530- 
1625 nm). The Selfoc lens has the important role in multiplexing and demulti- 
plexing the different wavelength signals. Figure 3 shows the schematics of the 
multiplexer using the Selfoc lens. A light signal of wavelength A1 is incident 
on the optical fiber of port 1. The light from the port 1 fiber is collimated by 
the Selfoc lens and reaches the optical filter. This filter reflects the light of 
the A1 to the Selfoc lens. The reflected light is focused into the output fiber. 
The light signal of A2 is incident on the optical fiber of port 2. The light from 
port 2 is collimated by another Selfoc lens to reach on the optical filter from 
the right. The light of wavelength A2 passes through the filter and is incident 
on the Selfoc lens. The light is focused on the output fiber and multiplexed 
with a light of wavelength Al. This process can be cascaded to multiplex the 
lights of the other wavelengths: A3, A4, A5, . . . , and An, as shown in Figure 
3. Usually, this optical filter is made from a dielectric multilayer. 
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A 1 + A 2+ A 3 + ■ * ■ + An 



Fig. 3. Schematics of the wavelength multiplexer using the Selfoc lens. 



On the other hand, if we reverse the direction of the arrows, lights of 
different wavelengths Al, A2, A3, . . . , and An are incident on the input fiber. 
The lights are demultiplexed by the filer and come out of the corresponding 
output port. 

This multiplexer/demultiplexer with a cascaded structure is made from 
three port modules that consist of a pair of Selfoc lenses, fibers, and filters. 
This most fundamental structure is used not only as a multiplexer for signal 
lights but also as a multiplexer for the pumping light and signal light for 
EDFA and polarization combiners. 



4 Vertical Integration 

One of the greatest advantages of the Selfoc lens is that we can use fiat 
surfaces. We can coat a dielectric thin-film filter directly on the surface of the 
Selfoc lens. Figure 4 shows the filter on the Selfoc lens. The filter consists of 
about 80 dielectric layers. Using the filter on the Selfoc lens, we can make 
the optics of the multiplexer simpler than shown in Figure 4. Since the filter 
is coated on the lens surface, we can bring the lenses in direct contact with 
each other. By eliminating the distance between lenses, we can make the ideal 
telecentric optical system. Since the telecentric optical system makes the chief 
ray parallel to the optical axis, the assembly of the multiplexer become easier 
and will result in the cost reduction of the fabrication process. 




The Integrated Microlens 219 




(a) Appearance 




(b) Layer structure 



Fig* 4. Filter on the Selfoc lens. 




Fig. 5. Appearance of the planar microlens* 



5 Planar Microlens: Horizontal Integration 

In addition to the DWDM technology, it is also important to treat the optical 
signal in parallel. A planar microlens is a two-dimensional (2-D) integrated 
microlens lens array that brings about many possibilities of parallel optics. 
Figure 5 shows the appearance of the planar microlens. 

The planar microlens is fabricated by the selective ion-exchange technology 
[3], as shown in Figure 6. First, we prepare the planar glass substrate. Second, 
metal film that prevents the ion exchange is evaporated on the substrate. 
Small windows are opened on the metal mask. Third, the masked substrate is 
immersed into the molten salt for the ion exchange. Special ions are diffused 
into the substrate selectively through the windows on the substrate. Since the 
ion has larger diameter and larger electron polarizability, the ion makes swells 
on the surface and a larger refractive index is obtained, as shown in Figure 6. 

By using the swelled structure, we can have a large-NA (numerical aper- 
ture) lens that can be mainly used for light coupling between the LD and 
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Fig. 6. Fabrication process of the planar microlens. 



Table 1. Fundamental Characteristics of PML 





S-PML 


F-PML 


Lens pitch 


250 pm 


250 pm 


Lens diameter 


85 pm 


250 pm 


Back focal length 


78 pm (at 1300 nm) 


700 pm (at 1550 nm) 


NA 


0.48 


0.18 



optical fiber. On the other hand, if we polish the surface of the planar mi- 
crolens, we can have a microlens with a flat surface. The lens effect comes from 
the refractive-index distribution. The flat lens has a moderate NA around 0.2, 
which is suitable to accept the light from optical fiber to be collimated. We 
introduced the acronym S-PML to denote the swelled structure and F-PML 
for the lens with flat surfaces. Fundamental characteristics of the planar mi- 
crolens are summarized in Table 1. We are preparing S-PMLs and F-PMLs 
with pitch (the center-to-center space between each lens) of 250 pm. In many 
cases, since arrayed optical elements such as the LD array, PD array and op- 
tical fiber array are made with a pitch of 250 pm, the standard PML with a 
pitch of 250 pm is convenient for making the arrayed module. 

The S-PML is used for the parallel interconnection, as shown in Figure 7. 
The light signal from the LD array is focused into the tape fiber array and 
transmitted to the PD array. The S-PML is used for the following reasons; the 
(1) S-PML is used for the window of the LD and PD array. Since it is important 
to avoid moisture or humidity to keep the reliability of the LD and PD array, 
the window that can keep the hermetical sealing is important. The S-PML 
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Fig. 7. Application for a parallel interconnection. 



that is made from a glass is suitable for the window for hermetieal sealing. We 
prepared the S-PML adhered on a metal holder using low-temperature-melt 
glass. Equation (2) is used to obtain sufficient light-coupling efficiency and 
tolerance between a LD array and an optical fiber array. 

Figure 8 shows the statistical data of the coupling loss between LDs and 
single-mode optical fibers. The average coupling loss was as small as 4.28 dB. 
Since the parallel optical interconnection uses a very short reach connection, 
the coupling loss is not significantly important; direct coupling between a LD 
array and an optical fiber array can be an alternative solution. The other 
advantage of using the S-PML for a LD and an optical fiber coupling is the 
relaxing of the tolerance of the optical alignment. In the case of direct cou- 
pling, the insertion loss increases sensitively, corresponding to the distance 
between the LD and optical fiber. When we use the S-PML, the tolerance of 
the distance between the S-PML and optical fiber is around ±100 pm. 

F-PML is made when we polish the surface of the planar microlens after 
the ion exchange. The lens effect comes from the internal index distribution. 
One of the most fundamental applications of the F-PML is the light colli- 
mation of an optical fiber array. A fiber collimator array can be made by 
locating the fiber near the focal point of the each lens of the F-PML. Figure 
9 shows the collimator array. The collimator array is usually used as a pair. 
The lights from one fiber array is collimated by the lens array and focused 
again into another fiber array by another lens array. Figure 9 also shows the 
light-coupling efficiency of pair of the 8-channel collimator array. The average 
coupling loss is as small as 0.5 dB. Between the lens arrays, since each light is 
collimated, we can insert optical elements such as filters, mirrors, and so forth 
to make functional devices. Since the light emerges after the lens is spread by 
the diffraction, the collimation length (working distance) between lens arrays 
is limited. Since the diffraction angle is inversely proportional to the diameter 
of the lens, the working distance is limited by the lens diameter. 

Figure 10 shows the theoretical limit of the working distance corresponding 
to the lens diameter. The lens diameter should be designed for the required 
working distance. 
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Fig. 8. Statistical data of coupling loss between LD and the single- mode fiber using 
PML. 




Fig. 9. Collimator array and light-coupling characteristics. 



Figure 10 also shows the insertion loss of the collimator of the PML. One 
pair of collimators is prepared and light from one fiber is coupled into another 
fiber. The lens diameter of the PML is 250 pm. The insertion loss is increased 
when the working distance becomes larger than 10 mm. 
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Fig. 10. Light-coupling loss of collimator: (a) working distance versus lens diameter 
(theoretical value); (b) light-coupling loss versus working distance (experimental 
value). 




ON OFF 

MEMS 

Fig. 11. Matrix switch using PML and MEMS. 



We can make functional devices using the pair of the collimator array. 
Figure 11 shows the schematic of matrix switch using the collimator array and 
MEMS (microelectromechanical systems) micromirror. The MEMS consists of 
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an array of mirrors. The collimated light can be cross-connected to the desired 
fiber by changing the status of each mirror. 



6 Summary 

We have introduced the Selfoc lens and the planar microlens that are based 
on the ion-exchange technology. The Selfoc lens is widely used in the field of 
DWDM to make the wavelength multiplexer and demultiplexers. The planar 
microlens is a monolithically integrated array of microlenses that is used for 
optical interconnection. An optical communication system will evolve to aim- 
ing future optical cross-connection. Since these microlenses that are made by 
the ion-exchange technology have a wide flexibility, the lenses will provide the 
solution for creating fundamental optical systems. 
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1 Introduction 

Planar-integrated free-space optics (PIFSO) is an integration concept for clas- 
sical free-space optics that was proposed in 1989 [1] and has since evolved 
into an open integration platform for micro-opto-electro-mechanical systems 
(MOEMS), sometimes also called optical MEMS. This chapter aims at pro- 
viding an overview of this development that is characterized by a shift from 
component-related design and fabrication issues to system- and application- 
related ones. We will discuss the potential of PIFSO within the fast-growing 
field of microsystems engineering and compare it with that of alternative in- 
tegration approaches. 

1.1 The Trend Toward Microsystems Integration 

The main driving force for the ongoing trend toward system integration in 
many technical disciplines is the huge economic benefit that can be expected 
judging from the example that integrated microelectronics has been setting 
during the past four decades since the invention of the integrated circuit (IC) 
[2]. The technological development in this field has been governed by Moore’s 
law, which states that the integration density on very large scale integration 
(VLSI) chips will double approximately every 18 months [3]. This has lead to 
extremely powerful and compact ICs and to chips that contain entire electronic 
microsystems; for example, state-of-the-art microprocessor chips like Intel’s 
Pentium IV or AMD’s Athlon contain of the order of 10 8 transistors that are 
arranged in various functional subcircuits. Furthermore, the fabrication of 
such systems as a whole using lithography-based mass fabrication techniques 
[4, 5] made it possible to keep the cost per piece comparatively low although 
the involved technology is meanwhile extremely sophisticated and requires 
billion-dollar investments. 

It goes without saying that there is an immense economic interest that dis- 
ciplines like mechanics or optics progress in the same direction. An important 
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Fig. 1. Free-space optical integration concepts with their respective typical system 
dimensions. 



condition put forward by the industry is that the approaches for microme- 
chanical and microoptical system integration be compatible with the estab- 
lished methods of VLSI electronics in order to reduce the cost for developing 
suitable design and fabrication processes and in order to make a convenient 
integration of electronic, optical, and mechanical functions on a common tech- 
nological platform possible. Adhering to this condition thus not only allows 
one to make many common-use technical systems smaller, better, and less 
expensive but to construct microtools and micromachines with entirely new 
applications - something that was merely a vision not too long ago [6] . 

In recent years, numerous approaches for microsystems integration have 
been proposed that are based on a variety of different fabrication methods and 
packaging concepts as well as specially engineered materials [7,8]. Arguably, 
the highest development level in the field of optics has been achieved so far 
with integrated waveguide components which were first proposed in 1969 [9] 
and are meanwhile ubiquitous in modern optical communication equipment. 
A prominent example is the arrayed waveguide grating (AWG) that is used for 
wavelength division multiplexing (DWDM) applications [10]. However, there 
are also integration approaches for classical free-space optics; the three most 
important ones are refered to as “stacked microoptics,” “microoptical bench,” 
and PIFSO. Figure 1 shows schematically how respective integrated systems 
would evolve from a very basic classical optical laboratory setup, namely an 
imaging system consisting of a lens, an input device, and an output device. 
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1.2 Free-Space Optical Integration Approaches 

Stacked microoptics is the oldest one of the three integration approaches 
shown in Figure lb and was proposed in 1982 by Iga et al. [11]. They suggested 
realizing optical components on planar substrates that are then stacked to- 
gether to form the respective complete system. Components that are located 
in the same plane can thus be fabricated in parallel on the respective sub- 
strates, and alignment complexity is reduced from the six degrees of freedom 
(three translatory and three rotatory ones) for each discrete component in a 
classical laboratory setup to three (one rotatory and two translatory ones). 
For the assembly, low-cost passive alignment methods based on structures that 
are integrated into the planar substrates such as V-grooves can be employed. 
It is recommendable to realize the optical functionalities through gradient 
index (GRIN) elements because, then, the substrate surfaces can be kept 
flat, which simplifies the assembly and ensures that the system can be eas- 
ily sealed and thus protected from disturbing environmental influences. The 
major shortcoming of the stacked microoptics approach is that the achievable 
level of integration is rather limited; a considerable amount of assembly and 
alignment work remains unavoidable. 

The microoptical bench approach has its roots in micromechanics and, in 
particular, in the modern surface micromachinig techniques that have been 
developed over the past two decades [12]. They are based on the successive 
deposition of thin layers of different materials on a planar wafer (typically 
silicon) that can then selectively be removed by structuring and etching tech- 
niques very similar to those used in microelectronic mass fabrication. In this 
way, it is possible to fabricate free-standing cantilevers, beams, or bridges and 
even hinged structures that can be flapped upright and fixed in this posi- 
tion with appropriate latching mechnisms. Wu et al. [13] suggested applying 
this approach to construct miniature versions of classical optical bench setups 
by integrating the optical components into the hinged parts; the approach is 
schematically shown for a Fresnel zone plate in Figure lc. The integration 
level that can thus be achieved is very high because most of the alignment is 
already done through the lithographic structuring that defines size and po- 
sition of the hinged structures. Choosing the microoptical bench approach is 
particularly appealing when electromechanical actuators are to be integrated 
into a microsystem because they are fabricated with essentially the same tech- 
niques. However, there are also some weak points: One is robustness and the 
relative difficulty to protect microoptical bench systems from disturbing envi- 
ronmental influences. Another is the limited choice of materials and the fact 
that they are (at least up to now) often not optimal for implementing opti- 
cal functionalities; for example, using silicon, a lens for the visible-wavelength 
range can only be implemented as (purely amplitude modulating) a Fresnel 
zone plate, which results in a very low efficiency. Finally, the surface-parallel 
orientation of the optical signal paths is certainly well suited when the in- 
tegrated system incorporates optical fibers that are attached parallel to the 
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substrate; however, it is not ideal for applications with I/O devices that are 
operated in a surface-normal manner such as optoelectronic chips with (arrays 
of) vertically emitting lasers or photodetectors. The surface-parallel approach 
is not recommendable either for applications that involve massively parallel 
communication. 

Especially when large two-dimensional emitter, modulator, or detector ar- 
rays are to be used in a microsystem, PIFSO is the integration concept of 
choice because it perfectly matches the operational characteristics and the 
mounting requirements of these I/O devices. The idea of PIFSO is to minia- 
turize and “fold” a free-space optical setup into a transparent substrate of, 
typically, a few millimeters thickness in such a way that all optical components 
fall onto the plane-parallel surfaces. Passive components like lenses or diffrac- 
tion gratings can then be integrated into the surface; for example, through 
surface relief structuring, active components like the aforementioned optoelec- 
tronic I/O devices can be bonded on top [14]. Thus, the substrate provides 
the mechanical support for the optical system and the bonded devices and 
may also be used for thermal purposes such as heat spreading and as a carrier 
for electrical wires. A reflective coating ensures that optical signals propagate 
along zigzag paths inside the substrate. Since all passive components are ar- 
ranged in a planar geometry, the optical system can be fabricated as a whole 
using mask-based techniques. This approach provides lithographic precision 
concerning the positioning of components and high accuracy for the required 
relief structures because the well-established and sophisticated etching tech- 
niques of the semiconductor industry can be applied. Due to the integration 
into a rigid substrate, the passive optical system does not require further 
adjustment and it is well protected against disturbing environmental influ- 
ences. From the topological point of view, the planar integration approach 
yields a fully three-dimensional (3-D) system architecture but requires only 
2-D fabrication complexity. This allows one to implement highly parallel and 
complex (regular and irregular) optical interconnect schemes involving large 
fan-out, fan-in, and filtering operations. PIFSO modules are therefore par- 
ticularly well suited for short-range communication applications [15], which 
typically require a level of parallelism that can hardly be provided by other 
technological approaches, including fiber optics. 

A comparison of PIFSO with the stacked integration approach leads to 
the conclusion that both concepts share the use of planar substrates onto 
or into which optical components are integrated. However, PIFSO proceeds 
to a higher level of integration because the components of more than one 
functional plane of a classical optical laboratory setup are integrated into the 
same substrate surface. This saves much assembly and alignment work. The 
similarities between PIFSO and stacked microoptics suggest that it may be 
interesting to combine both concepts in the sense that PIFSO modules are 
used as components of a larger stacked microsystem. In the following section, 
we will narrow down the discussion of microsystems integration on PIFSO 
modules and address component-related issues. 
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2 Components for PIFSO-Type Microsystems 

The components of a PIFSO-type microsystem can be divided into two groups: 
Passive optical components the functionality of which is set during fabrication 
and remains then fixed and active ones that can be reconfigured or controled 
during operation of the system. Active components are mostly based on elec- 
trooptic or electromechanic effects and are a major subject of general photon- 
ics research. We will cover them here only briefly by addressing some issues 
closely related to PIFSO and then proceed to passive optical components and 
their design. 

2.1 Active Components 

Since short-range communication is the most prominent field of applications 
for PIFSO modules, emitter, modulator, and detector devices that can be 
arranged in large 1-D and 2-D arrays are of primary interest. Among the 
emitters, this brings vertical-cavity surface-emitting lasers (VCSELs) to our 
attention. VCSELs were invented in 1979 at the Tokyo Institute of Technol- 
ogy [16] and have since experienced a rapid development. Their main char- 
acteristic is a short, vertically oriented laser cavity confined by two Bragg 
mirrors that lead to an emission of the generated radiation vertical to the 
chip surface. Various types of VCSEL structure (e.g., etched mesa, proton 
implanted, dielectric apertured, buried heterostructure) have been proposed, 
the details of which are described, for example, in Ref. [17]. VCSELs have fa- 
vorable electrical and optical properties like low threshold current, high elec- 
trooptic conversion efficiency, axial single-mode operation, and a sysmmetric 
beam profile with a low numerical aperture. Particularly favorable for the use 
in PIFSO systems is the fact that the light is emitted orthogonally with re- 
spect to the chip surface, which is ideal when the VCSEL chip is bonded onto 
the transparent substrate. For the bonding, flip-chip techniques [18] can be 
applied that ensure micron-scale accuracy and low parasitic capacitances, an 
issue that is important for high-speed modulation. By applying appropriate 
PIFSO-compatible heat-spreading mechanisms [19, 20] and by using state-of- 
the-art VCSELs with optimized electrical characteristics [21], it is currently 
possible to pack VCSELs in large arrays with pitches of the order of 50 /xm 
without running into thermal problems. This has important consequences for 
PIFSO-type communication systems and, in particular, for the way infor- 
mation is transmitted. It is currently possible to employ direct modulation 
schemes (i.e., to use VCSELs both as light sources and modulators). 

The situation was still different a couple of years ago. Light genera- 
tion had to be separated from modulation to enable densely packed arrays. 
From the mid-1980s to the mid-1990s considerable R&D efforts focused on 
VLSI-compatible electrooptic modulator arrays. Bell Labs researchers at that 
time developed a technology to hybridly integrate GaAs multi quantum well 
(MQW) p-i-n diodes [22] on conventional silicon complementary metal oxide 
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semiconductor (Si-CMOS) circuits [23] to construct optical modulator arrays. 
This technology was also used to build devices with a more complex func- 
tionality that are often called smart-pixel arrays. Although hybrid modulator 
chips have meanwhile lost some importance, they are still used in photonic 
system demonstrators and they are very suitable for integration with PIFSO 
modules [24]. The operational principle of MQW p-i-n modulators is based 
on the quantum-confined Stark effect. It means that there is so-called exci- 
tonic absorption at photon energies between the smaller and the larger energy 
gaps in the MQW band structure. The absorption coefficient thereby depends 
strongly on the electric field across the quantum wells. This can be used to con- 
trol the degree of absorption and, thus, electrically modulate an optical signal. 
The achievable bandwidth thereby reaches well into the gigahertz range and 
the necessary switching energy is low, which makes MQW p-i-n modulators 
very suitable for high-speed computing and communication applications. 

What remains to be said is that MQW p-i-n diodes can also be used 
as photodetectors like conventional p-i-n diodes if they are operated with 
the appropriate electrical control circuitry. For detectors in general, there is 
a larger variety of technological options than for modulators and especially 
emitters because it is not necessary to use semiconductor materials with a 
direct band gap; various material compositions (binary, ternary, quaternary, 
heterostructure) are available to optimize the detector performance for the 
respective wavelength band of interest [25]. In particular, it is possible to in- 
tegrate photodetectors with CMOS circuits on silicon VLSI chips. An interest- 
ing alternative to detectors based on p-n junctions are devices with Schottky 
barriers because they can conveniently be realized with two interdigitating 
comblike structures that are lithographically fabricated out of a thin metal 
layer on any semiconductor wafer. Such metal-semiconductor-metal (MSM) 
devices can have both a large sensitive area and a short response time (in the 
picosecond regime). This is unlike p-i-n diodes and can be readily exploited 
to alleviate the criteria for design and assembly that are required to obtain a 
certain tolerance level in a complex system. 

In connection with silicon-based (opto) electronic components and circuits, 
it is worthwhile to mention a fabrication concept that dates back into the early 
days of VLSI electronics and that has gained new drive in recent years. It is 
called silicon-on-insulator (SOI) and means that electrically insulating wafer 
materials are used. The difficulty thereby is to deposit a thin silicon layer of 
sufficient quality for subsequent VLSI CMOS processing on such a wafer. This 
problem has meanwhile been solved. Using a novel approach called ultrathin 
silicon on sapphire (UTSi), the realization of integrated circuits with vari- 
ous functionalities has been reported [26]. UTSi components feature superior 
electrical isolation, which allows one to integrate digital and sensitive analog 
circuits on the same chip. What is most appealing for integration with PIFSO 
modules is the fact that the substrate material sapphire is transparent for 
essentially all wavelength bands that are relevant for optics and optical com- 
munication. Hence, it is possible to access optoelectronic components such 
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as metal semiconductor metal (MSM) detectors with optical signal beams 
from the top and the bottom sides of the sapphire wafer, which provides an 
additional degree of freedom for the systems design. Furthermore, it is con- 
ceivable to integrate an entire microsystem, including electrical circuits and 
PIFSO-type interconnects, on just one substrate. 

Of fundamental importance for communication systems are - in addition 
to emitters, modulators, and detectors - components for switching. The func- 
tionality of a switch is similar to that of a modulator, but different perfor- 
mance features have different priorities. For a modulator, a high temporal 
bandwidth is very important so that it can handle high data rates, whereas 
for a switch, low attenuation and a high on-off contrast are crucial. It is rather 
difficult to fulfill the latter two criteria well with most electrooptic modulator 
components; however, it is comparatively easy with electromechanic micromir- 
ror devices, provided that an appropriate surface treatment and coating are 
applied. By steering an optical signal beam into or out of the pupil of the opti- 
cal system, very high contrast ratios can be achieved. Micromirror arrays that 
are fabricated by applying the kind of surface micromachinig techniques men- 
tioned earlier are already in use for optical cross-connect switching nodes [27] 
and it is conceivable to integrate them also with PIFSO systems. 



2.2 Passive Components 

Our discussion of passive components will start from a general point of view 
before the focus is shifted to PIFSO-related issues. In general, an optical com- 
ponent can manipulate both the phase and the amplitude of an impinging 
wave. Because most applications, especially in the field of communications, 
require high energy efficiency, nonabsorbing components that affect only the 
phase are, by far, the most relevant ones and will exclusively be considered 
here. Phase-modulating free-space optical elements can be classified using a 
variety of different criteria. We like to adopt the scheme of Figure 2, which 
depicts how one of the most basic functions, beam focusing, can be imple- 
mented. 

In the horizontal direction, the components are classified according to 
their physical principles of operation. Figure 2 list the two main options. The 
first one is to manipulate a light beam through an appropriately engineered 
refactive-index profile within the substrate material, the other one is based 
on surface profiles (i.e., suitably shaped boundaries between otherwise homo- 
geneous materials). This second component type can be designed to operate 
in reflection or in transmission; in the latter case, materials with at least two 
different refractive indices need to be involved. It is possible to implement 
essentially the same types of optical function in both modes of operation; 
however, using reflective components, the same optical effect is achieved with 
a much shallower profile due to the dual passage of the light beams (cf. Eqs. 
(2) and (3) in Section 2.3). 
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Fig. 2. Classification of passive free-space optical (micro)components. 



The vertical classification criterion in Figure 2 is the characteristic feature 
size. Here, one can distinguish three categories referring to features much 
larger, much smaller, and of a similar size as the wavelegth A of the light that 
impinges on the component. The feature size criterion decisively determines 
the mathematical effort that is necessary to describe the effect of the element 
on the electromagnetic wave sufficiently well. Components with smooth and 
slowly varying features can usually be modeled well using simple ray optics, 
which is based on a local plane-wave approximation. Their size may range 
from several tens of microns up to the macroscopic scale; hence, this category 
also covers (discrete) classical optical components. The three subdivisions in 
the top row of Figure 2 are often referred to as “refractive optics,” “reflective 
optics,” and “GRIN optics,” respectively. 

With features of the order of the wavelength, a ray-optical mathematical 
modeling is no longer possible. In this category, a wave-optical treatment is 
indispensable even though it is not, in general, necessary to apply a rigorous 
vector model of electromagnetic radiation; in many cases, including those 
that one usually encounters with PIFSO, a scalar thin-element approach as 
outlined in the next section is the best compromise between computational 
effort and physical accuracy. It is interesting and may be at first surprising 
that components of the second category with sub- A features can also often 
be modeled with simple ray optics (at least when only the far field is of 
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interest) even though the components of this and the previous category are 
considered to belong to the realm of diffractive optics. This is due to the 
fact that the optical wave cannot “resolve” the fine structures so that the 
optical effect is very similar to that of an (artificial) effective medium with a 
refractive index in between those of the involved physical media. It should, 
however, be noted that the effective refractive index is, in general, polarization 
dependent [28]. Diffraction effects do, of course, also influence the behavior of 
the components of the top category with the coarse structures; however, in this 
regime, diffraction can largely be considered as a limit for the resolution and 
can be ignored as far as the basic functionality of the element is concerned. 

In principle, all of the element types shown in Figure 2 are compatible 
with the PIFSO approach; that is, it is conceivable to integrate them into 
a planar transparent substrate by processing the surfaces in a suitable way 
to obtain the desired relief profiles or by locally manipulating the material 
composition to generate the desired refractive-index distribution. For both 
tasks, there are design and fabrication methods that go along with established 
VLSI technology and batch processing. We want to mention here only a few 
examples from the plethora of techniques that have been developed over the 
last three decades (more detailed information can be found in Refs. [14, 29] 
and [30]). 

The most important method to manipulate the refactive index of a mate- 
rial is ion exchange; thereby, a substrate is locally exposed to an environment 
that contains ions suitable to replace some of the ions of the substrate. The 
physical cause for the exchange is diffusion which depends on geometrical, 
chemical, and thermal parameters, as well as on an (externally applied) elec- 
trical field. These parameters allow one to tailor the optical functionality of 
a component very precisely [31]. It is possible to realize energetically efficient 
components with a comparatively high numerical aperture. Considerable lim- 
itations, however, exist in terms of the achievable index gradient. Fast varia- 
tions of the phase delay as required, for example, for a fine diffraction grating 
can not be realized. 

The surface-relief structure of an optical substrate can be modified in three 
ways: by locally removing material, by depositing new material, or through 
mass transport of the existing material. All three principles have been applied 
to fabricate (micro) optical components. The greatest practical importance so 
far have removal techniques and, in particular, etching techniques in conjunc- 
tion with lithography. Most popular among the various possible combinations 
(binary or analog lithography, anisotropic or isotropic etching, etc.) are binary 
lithography together with a surface-normal etching technique such as reactive 
ion etching (RIE) or chemically assisted ion-beam etching (CAIBE). This ap- 
proach can be applied sequentially with different mask patterns to obtain 
arbitrary staircaselike surface profiles [32]; the respective optical components 
are called multilevel surface-relief diffractive optical elements (DOEs). 

After having been employed and refined for four decades by the semicon- 
ductor industry, binary lithography in combination with ion etching provides 
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(at least currently) the highest accuracy of all material-removal techniques, 
especially when features of the order of the wavelength or below are to be 
formed. Therefore and because of the unsurpassed design freedom, multi- 
level DOEs have been used in most PIFSO system demonstrations. It should 
be mentioned that the multilevel approach also allows one to approximate 
continuous phase-delay profiles quite well provided that a sufficient number 
of discrete phase-delay levels are implemented. However, there is a trade-off 
between the phase resolution and the achievable phase gradient because no 
individual step of a staicase profile can fall short of the given lithographic 
minimum feature size. This and the increasing risk of alignment errors are 
the reason that the optimal DOEs are usually obtained with just two or three 
lithographic masks corresponding to four and eight discrete phase-delay levels, 
respectively. 



2.3 Scalar Wave-Optical Modeling 



As components that are fabricated with generically planar techniques, multi- 
level DOEs usually have a shallow surface relief of the order of the wavelength 
A and, hence, can almost always be mathematically modeled as (infinitely) 
thin elements. In this model, which is also refered to as Kirchhoff approxima- 
tion, a DOE acts as a simple multiplicative filter; that is, 



U'(x,y) = U(x,y)F(x,y), 



( 1 ) 



with U(x,y ) as the incoming and U'(x,y) as the outgoing optical wave field; 
the complex- valued filter function F(x,y) = Ap(x,y) exp[— i(j)(x, y)\ consists 
of a phase part <j>(x , y) and an amplitude part Ap(x, y). In the case of phase- 
only DOEs as envisaged here, Ap is constant. The phase distribution (j)(x,y ) 
is related to the surface profile d(x, y) through 

O7 r 

<t>{x, y) = y (n ~ 1) d(x, y) (2) 

and 

Ak 

<l>(x,y) = -£nd(x,y) (3) 

for the cases of transmissive and reflective operation, respectively. 

In between the DOEs, light is assumed to propagate without restriction 
in a free-space optical setup (the effect of an interaction with the surrounding 
matter being solely expressed through its refractive index n). This can be 
adequately modeled by means of the Fresnel approximation of Kirchhoff’s 
diffraction formula [33] 



U(x,y, zi) = 



e ik(zi-z 0 ) 

iX(zi-zo) 



jj U(x',y',zo) 



( in[(x—x') 2 + (y—y') 2 
exp ( 



dx'dy' , 
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which allows one to determine the light distribution U(x,y,zi) in a plane z\ 
from the one in a plane zo. By expressing the above Fresnel integral in the 
form 



JJ - = E(x,y) JJ E{x\y')U{x\y\zv)j 2 < x ' u+ y' v Ux'dy' 



with 



E(x,y) = exp( l ^ x + y ) ), u=t-^ — r, v= V 



X(zi - zo) / ’ X(zi - zo) ’ X(zi - zo) ’ 



it becomes obvious that light propagation through the free space can be im- 
plemented on a computer very efficiently by means of two multiplication op- 
erations and a fast Fourier transformation (FFT) , which is a standard tool in 
commercial mathematics software packages: 

U(x,y, Zl ) KE{x,y)FFT{Etf,i/)U( X ',i/,zo)} (4) 

With relations (1) and (4), the optical functionality of most PIFSO com- 
ponents and systems can be simulated adequately on a computer. Relation 
(4) is also the basis for Fourier-mathematical design techniques that play an 
important role for PIFSO. 



2.4 Fourier-Optical Design Approach 

Fourier-optical design techniques are based on the assumption that the 
light distribution U f (x f ,y',zo) just behind the DOE under consideration 
and the distribution U(x,y,z\) in a second plane of interest are Fourier- 
complementary, implying that the respective phase factors in expression (4) 
can be neglected (Fraunhofer approximation) or that they are compensated 
by lenses with a suitable focal length. The task is to find a Fourier pair {[/',[/} 
that satisfies the given boundary conditions. Degrees of freedom for the de- 
signer arise from the fact that these boundary conditions do not, in general, 
determine U' and U completely in amplitude and phase. In practical appli- 
cations, there is usually complete phase freedom, whereas both amplitude 
distributions are determined (to be constant in the space domain in order to 
obtain a phase-only element and to correspond to a certain desired intensity 
pattern I(x,y) in the Fourier domain). 

One of the most powerful approaches to solve this design task is called 
the “iterative Fourier transform algorithm” (IFTA). It is a numerical pro- 
cedure that operates on sampled versions U' nm and U nm of the light distri- 
butions U f (x',y f ,zo) and U(x,y,zi), respectively, and it is particularly well 
suited when the design problem is discrete, as it is the case for periodic DOEs 
(“diffraction gratings” with distinct diffraction orders). Common to the many 
IFTA variants that have been developed over the past three decades [34-36] 
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Fig. 3. Flowchart of the iterative Fourier transform algorithm. 



is the basic flowchart of Figure 3. It depicts the gradual approach toward a 
solution through transformations between the two Fourier domains, followed 
each time by an adaption to the given boundary conditions of the respective 
domain. To ensure fast convergence of the IFTA, a variety of sophisticated 
adaption rules has been devised [36,37]; since their description would go far 
beyond the scope of this discussion, we present only the most simple set of 
rules, which calls for a replacement of the respective actual amplitude dis- 
tributions A nm and A' nm after each Fourier transformation by the respective 
ideal amplitude distributions A nm and A' nm while the respective phase distri- 
butions tp nm and (p' nm are preserved: 

Fourier domain. Unm > Unm — A nm exp \j Inm ®xp [i^rim]? ( 6 ) 

Space domain: U' nrn -> U' nm = A' nm exp [i(p' n J a exp [i(p' n J. ( 6 ) 



The IFTA can start at any corner of the loop and with any, even a random, 
light distribution, although it will converge faster and yield better results when 
started with a “good guess” for the element to be designed. The quality of 
the computed DOE is commonly judged by means of the diffraction efficiency 
77 and the design error E. For 77 , we adopt the definition 

_ X^des. Wnm \ 2 

Y N,M \Unm \ 2 

where the summation in the numerator is carried out over the “desired” 
diffraction orders (i.e., the ones that should contain significant intensity con- 
tributions according to the design goal) and in the denominator over all N x M 
diffraction orders that are taken into account by IFTA. E quantifies the de- 
viations from the desired intensity pattern I nm according to 



( 7 ) 



E = 



X^des. I^im| Inm 

Ydes. Wnm \ 2 



( 8 ) 



It was proven mathematically that the adaption rules of Eqs. (5) and ( 6 ) will 
never lead to an increase of E after a complete pass of the loop [35]. Hence, 
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Fig. 4. IFTA design example: (a) computed phase delay profile (grey level coded); 
(b) eight-level surface-relief DOE on a fused silica substrate; (c) observed optical 
diffraction pattern; (d) blow-up of the central part of the diffraction pattern. 



IFTA is a gradient descent method and will always converge; it may, however, 
stall in a local minimum of the error function. Nevertheless, with suitable 
adaption rules and starting conditions, it is possible to find for essentially all 
practical design problems a solution with 77 > 90% and E < 1%, which is 
acceptable in most cases. 

The particular strength of IFTA lies in the fact that it can provide (ap- 
proximate) solutions for extremely complex problems and when an analytical 
solution is not known. An illustrative example is shown in Figure 4. Here, 
the design goal was to generate a DOE with a diffraction pattern that forms 
a cartoon-style image of a Chinese dragon [37]. After about 200 iterations, 
IFTA had produced the phase-delay profile of Figure 4a. A corresponding 
eight-level DOE in which this profile was periodically repeated 5x5 times 
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(Fig. 4b) generated the image of Figure 4c. It is composed of 500 x 500 focused 
diffraction orders and has excellent visual quality. 

As far as PIFSO-type microsystems are concerned, a major application 
area for IFTA is the design of diffractive beam-splitter gratings for the pur- 
pose of implementing optical fan-out [38]. Due to the fact that usually a 
regular geometry of the spot pattern is needed, such DOEs are often called 
“array generator” or “array illuminator” (AI) gratings. For their realization 
as multilevel DOEs, an indirect design approach [39] may be applied, which 
means that, first, IFTA is used to compute a suitable phase-delay profile with 
unlimited phase resolution and then this profile is quantized to fit to the set 
of discrete phase-delay levels that can be physically implemented. It turns 
out that the phase quantization procedure can easily cause an unacceptable 
degradation of the optical performance of the AI grating in terms of the er- 
ror E. To avoid this problem, special IFTA adaption rules and/or optimized 
quantization strategies should be applied [36,40]. 



2.5 Nonrotationally Symmetric Lenses 

Unlike the AI gratings mentioned earlier, many standard optical components 
for beam focusing or deflection do not require numerical design procedures 
like IFTA; they can, instead, be calculated analytically. The corresponding 
formulas are even comparatively simple if the geometry of the design problem 
exhibits rotational symmetry. This, however, is not the case in PIFSO systems. 
With a skew system axis, the analytical treatment is more complex and it 
leads to slightly different components to achieve an equivalent optical effect 
as in a rotationally symmetric system. A general mathematical formalism for 
“skew” optical systems can be derived on the basis of linear systems theory 
and canonical transformations between the skew system and a rotationally 
symmetric one [41,42]. This approach, however, is rather lengthy and will not 
be further discussed here. 

Instead, we want to outline a holographic approach and apply it to design 
optical components that are optimized for imaging in a skew geometry. The 
approach is called holographic because it resembles the recording procedure of 
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a hologram and it is wellsuited for the design of planar DOEs. Essentially, it 
consists in an inversion of formula (1) in such a way that F is calculated from 
the two known light distributions U and U'. In holography, these would be the 
signal wave and the reference wave, respectively; for the design of an imaging 
lens, it is convenient to assume that U is a diverging spherical wave emerging 
from some point in the object plane, whereas U r is a spherical wave that 
converges toward the corresponding point in the image plane. The situation 
is graphically depicted in Figure 5 for the unfolded equivalent of a PIFSO 
setup where we assume (without loss of generality) that the inclination is in 
the x direction. 

The two spherical waves can be mathematically expressed through 



U(x,y)<x exp [* kr{x, y)\ 

r(x,y) 


(9) 


U'{x,y) oc exp [ ikr’{x,y)], 


(10) 



with k — 2n/\ as the wave number and r(x 1 y) and r'(x, y ) as distances from 
the two respective focal points. Let us now assume that the axial components 
of r and r' are much larger than their lateral components: r z r x ,r y and 
r z ^ r a;> r (/5 m this so-called paraxial case, the square root expressions for r 
and r' can be approximated by the leading terms of a Taylor series expansion; 
that is, 



= yjr x 2 + r„ 2 + r z 2 = r z + 



2 , 2 
'f'x Ty 



(Tx 2 + fy 2 y 



2r z 



8r z 3 






( 11 ) 



and an analogous relation for r'. The paraxial restriction furthermore allows 
one to neglect the amplitude variations of U and V so that only the phase 
part of F has a significant dependence on x and y: 

F(x,y) = ^ oc exp(— ikr f — ikr) = exp \—i<j>{x^y)\ (12) 



With the geometrical relations 



r x = x — hxix — 6a, r y = y, r z = —a, (13) 

r' x = x - h! « x - 6a ', r' y = y, r' z = a', (14) 

and only the two leading terms of the Taylor expansion (first-order approxi- 
mation), one obtains from Eq. (12) the classical parabolic phase profile (j>i for 
a lens* 

M x >y) = jf( x * + y 2 )> with 7 = ( 15 ) 

Thereby, irrelevant constant terms have been omitted and the focal length / is 
defined via the object and image distances a and a', respectively, as indicated. 
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Fig. 6. Ray-tracing simulations of different lens types: (a-c) spot images at different 
2 -positions around the nominal focus showing astigmatism with the parabolic phase 
delay profile of Eq. (15) in a skew imaging geometry; (d) stigmatic spot image with 
the adapted elliptic profile of Eq. (21). 



Note that in the first-order approximation, there is no explicit dependence on 
0, which means that a lens can basically image a whole plane onto another 
one. 

The situation is different when one more term of the Taylor expansion is 
taken into consideration (third-order approximation). In this case, the result- 
ing phase profile 0 3 contains three additional terms that are distinguished by 
the different dependence on variable 9: 

03 V) — 01 (^j V) 0spher. T 0coma “b 0astig. > (16) 

with 

0spher. = (^3 ~ ^3 ) ( x4 + y -f y ) , (17) 

0coma = X (^ “ i) b 3 + XV 2 ) 9 ’ ( 18 ) 

^ig. = 2X (o “ tf) ( 3x2 + ^ ' ( 19 ) 

These terms are responsible for spherical aberration, coma, and astigmatism 
according to the classical Seidel theory of optical aberrations [43] . Their rele- 
vance for PIFSO increases from top to bottom due to the increasing influence 
of 9 and the fact that 9 differs significantly from zero in a PIFSO system. In 
particular, astigmatism makes it impossible in such a system to obtain sharp 
image spots with the parabolic lens profile of Eq. (15). This is illustrated in 
Figures 6a-6c, which depict a 2-scan through the (nominal) focal region; the 
spot images were obtained through ray-tracing simulations. 

To reduce the aberration problem in PIFSO systems, it is recommended 
to employ lens profiles that correct (at least) astigmatism for the direction 9o 
of the skew system axis. Such a lens profile consists of two phase terms, 

01ens (#j 2/) ^ 01 y) “t" 0astig. j (20) 



and can be expressed in the form 
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with 



01ens(^5 V ) 





(21) 



( 22 ) 

(23) 



An optimized lens for PIFSO is thus characterized by a slightly different 
focal length f x versus f y for the x and the y directions; as a consequence, 
points of equal phase (which determine the patterns for lithographic masks) 
now form elliptic curves. Ray-tracing simulations confirm that such a lens 
produces sharp spots in a skew system (Fig. 6d). 

We want to conclude this section with the remark that it was sufficient in 
PIFSO demonstrators that have been built so far to compensate only astig- 
matism and neglect the other aberration types that depend more strongly on 
x and y and hence the numerical aperture of the imaging system. With a 
different fabrication technology that permits larger numerical apertures, how- 
ever, it may become desirable or even necessary to compensate also coma and 
spherical aberration. The latter problem can be conveniently solved at the 
component level because </> sp her. does not depend on 0; coma, on the other 
hand, does depend on 6 and may require a compensation at the system level. 



3 System-Level Aspects of the PIFSO Concept 

At the system level, the search for an optimal design is much more application 
dependent than at the component level. Nevertheless, there are some general 
recommendations that a system designer can follow. The related aspects of the 
PIFSO integration concept will be addressed in the first part of this section. 
In the second part, we will then exemplarily discuss the design and report 
about the performance of a real PIFSO system, namely a vector-matrix-type 
optical interconnect module. 



3.1 Imaging with Arbitrary Magnification 

One of the fundamental questions about the PIFSO approach is whether it 
is possible to design an equivalent planar-integrated version of any classical 
optical system despite the inherent geometrical restrictions of the integration 
concept. As far as imaging setups are concerned, this issue comes down to 
the more specific question of whether arbitrary magnifications can be im- 
plemented. Obviously, this is not the case for a single-lens system; here, the 
magnification is completely determined by the object and the image distance, 
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Fig. 7. Imaging with arbitrary magnification under the geometrical restictions of 
the PIFSO integration concept. 



which are quantized if the object plane, image plane, and lens are to coin- 
cide with a substrate surface. In other words, a planar-integrated single-lens 
approach does not provide enough degrees of freedom. 

To extend the design scope, it is common practice in optical system design 
to increase the number of elements in the system. We will show now that two 
lenses are, in principle, sufficient to build a PIFSO-type imaging system with 
arbitrary magnification. For clarity, the discussion is based on an unfolded 
geometry as shown in Figure 7; the PIFSO-inherent restrictions are thereby 
taken into account through fixed distances do, d\, and d 2 . Figure 7 depicts 
the intermediate image that is generated by the first lens L\ and acts then as 
the object for the second imaging operation by lens 1/2. From the geometrical 
relations 



a 1 = -d 0 , a 2 = a[ - di, a' 2 = d 2 , (24) 

and the basic relations between the two focal lengths f\ and f 2 and the par- 
tial magnifications mi and m 2 [44] as well as their relation with the total 
magnification m = h! jh, 

ai = fi ( — - l) , a! 2 = f 2 (1 - m 2 ) , m = mim 2 , (25) 

one can, after some algebraic transformations, obtain two formulas that ex- 
press /i and f 2 as functions of the given geometry and an (arbitrary) magni- 
fication m: 



/l = 


Tndodi 


(26) 


mdo -h mdi + d 2 ’ 


h - 


d\ d 2 


(27) 


mdo -f di -f- d 2 



This solution of the magnification problem can be interpreted as follows: In 
first-order approximation, the two imaging operations by lenses Li and L 2 can 
be described as linear operations. Their combination is also a linear operation 
and can, therefore, be associated with an imaginary (thick) lens, the position 
of which depends on the ratio of fi and f 2 . The multi lens system is thus 
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object 

plane 



Fig. 8. Schematic of a hybrid imaging system. 



image 

plane 



reduced to an imaginary single-lens system that is not affected by geometrical 
restrictions. 

3.2 Functional Efficiency and Fault Tolerance 

In addition to the question of functional equivalence with classical systems, 
two other issues are important at the PIFSO system level: functional efficiency 
and fault tolerance. Optimizing functional efficiency means implementing a 
certain system functionality and achieving a certain system performance with 
the lowest possible system complexity and technological effort. Tolerant de- 
sign means that this functionality is ensured even if system parameters deviate 
within a certain tolerance range from their ideal values. The two issues are of- 
ten correlated because lower complexity and technological effort usually means 
fewer parameters that can vary and, therefore, a lower risk of accumulating 
errors that cause malfunction of the system. 

An example for optimizing the functional efficiency is the so-called “hy- 
brid” imaging approach [45]. It is shown in Figure 8 and recommended when 
only certain (regularly arranged) regions of interest in the object plane are 
to be imaged (“dilute array”). This is often the case when optoelectronic 
I/O devices are to be optically interconnected and, therefore, it is of high 
practical relevance for PIFSO modules. A hybrid imaging system comprises 
two microlens arrays that are imaged onto each other by means of a (global) 
field lens. The microlenses operate locally in the sense that they image only 
their respective regions of interest. The hybrid approach thus provides a large 
number of free-design parameters - the phase profile of each microlens can be 
individually optimzed for the respective imaging geometry - and it matches 
the space bandwidth product of the entire system with that of the problem; in 
other words, a hybrid imaging system provides exactly the number of spatial 
communication channels that are needed. This is unlike a conventional imag- 
ing system which would have to possess vast excess communication capacity 
in order to be able to resolve the regions of interest in the dilute array. Design 
and fabrication of such a system would, therefore, have to be significantly more 
complex. Experimentally a PIFSO-type hybrid imaging system with 2500 op- 
tical communication channels at a density of 400/mm 2 was demonstrated [46] 
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Fig. 9. Schematic of a fault-tolerant lens waveguide system. 



which proves the suitability of this approach for massively parallel optical 
interconnect applications. 

An example for improving the fault tolerance is the use of the so-called 
“lens waveguide” design approach. It has been applied for PIFSO-type optical 
interconnects that involve many zigzag steps between emitter and detector 
[47] . Figure 9 shows the basic idea: A communication channel is realized as a 
concatenation of many (usually identical) imaging stages that are connected 
through field lenses. In the ideal case, the optical signal propagates along the 
system axis and is not influenced by the field lenses; however, if the signal 
deviates from the axial propagation direction due to some perturbation, the 
field lenses “pull” it back and cause an oscillation around the ideal position. 
This stabilization effect is analogous to the one in a confocal laser resonator. 
Compared to a simple single-stage imaging system in which signals would 
increasingly walk off course, the waveguide-type interconnect system is thus 
much more fault tolerant. This has been confirmed in computer simulations 
and practical experiments about the effect of geometrical variations of the 
PIFSO substrate (thickness, wedge, temperature expansion) and variations of 
system parameters such as wavelength. 

3.3 Fiber-PIFSO Optical Interface 

It has already been mentioned that the PIFSO concept has a number of tech- 
nological features that make it a prime option for short-range optical com- 
munication. To become commercially viable, however, it also has to be made 
compatible with fiber optics, which is the established technological platform 
of the long- and medium-range communication domain. For that purpose, a 
fiber-PIFSO optical interface was developed that provides a convenient way to 
plug fiber ribbons onto a PIFSO module to exchange optical signals between 
the two [48]. 

On the “fiber side,” the interface was designed for MT-type ferrules, a 
specimen of which is shown in Figure 10a. It can house up to 12 fibers (single 
mode or multimode) that are arranged in a linear array with a 250-pm pitch. 
Two precision-machined holes with a 0.7-mm diameter serve as passive align- 
ment structures. In conventional fiber-optical applications, two such ferrules 
would be connected with matching steel pins (cf. Fig. 10a). The fiber-PIFSO 
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Fig. 10. (a) MT ferrule, (b) alignment pins milled out of a metal plate, and (c) MT 
ferrules at ached to plate. 
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Fig. 11. Schematic illustrating the experimental state of the art concerning inte- 
gration level and system complexity of PIFSO modules. 



interface consists in a metal plate where similar (arrays of) pins have been 
milled out of the bulk material (Fig. 10b) in such a way that MT ferrules can 
be plugged onto them in a tight packaging scheme (Fig. 10c). 

After alignment and mechanical fixation of the metal plate with the planar 
optical substrate on the opposite side, the fiber-PIFSO interface is ready for 
use as shown schematically in Figure 11. Experimental tests confirmed that 
this approach provides a positioning accuracy of the order of a few microns, 
which is sufficient for many practical applications. In particular, it is possible 
to relay optical signals reliably from fibers onto 20-pm x 20-pm targets on 
the planar substrate (Fig. 12). This target size is typical for optical detectors 
on optoelectronic VLSI circuits. 
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Fig. 12. Experimental performance of the fiber-PIFSO interface: Relay of optical 
signals from two (a) multimode and (b) single-mode fiber ribbons onto the same set 
of test targets on the planar optical substrate. The spot separation that is visible in 
(b) illustrates the typical positioning (in) accuracy. 



In addition to the fiber-PIFSO interface, Figure 11 also illustrates the in- 
tegration level and the system complexity that have so far been demonstrated 
experimentally with PIFSO-type modules. It includes the flip-chip bonding of 
optoelectronic VLSI chips onto the planar optical substrate and the electrical 
connection of these chips to conventional electrical printed-circuit boards. 

3.4 Application: Vector-Matrix- Type Optical Interconnect Module 

In this final subsection, we want to move from the rather general and funda- 
mental discussion of PIFSO to more specific issues and look at applications. In 
addition to communication and information technology, the planar-integration 
concept is certainly also of interest for biology [49] and basic physics [50]. Many 
experiments in these disciplines involve optics and the respective setups could 
be made smaller and easily transportable (“lab on a chip”), which opens up 
entirely new technical and analytical possibilities. Practical demonstrations 
of PIFSO-type microsystems have so far mainly focused on information tech- 
nology. Examples are modules for optical correlation [51] and pattern recog- 
nition [52], for optical clocking [53], and for optical information processing 
[54]. 

The example we want to discuss here in more detail is a planar-integrated 
multichip module (MCM) with vector-matrix-type (VM-type) optical inter- 
connects [55] . VM-type architectures are ideal to demonstrate the advantages 
of PIFSO because their interconnect scheme is both of fundamental impor- 
tance for optical switching (e.g., for cross-connects) and computing, and suf- 
ficiently complex so that it cannot so easily be implemented with standard 
electrical or waveguide-optical system approaches because these alternatives 
are essentially two dimensional. 

Figure 13 shows the schematic setup of the multichip module. The VM- 
type interconnect architecture involves a 1-D optical fan-out stage followed 
by a 90°-rotated 1-D optical fan-in stage; these two stages are implemented 
along the x axis of the system. An additional optical fan-out stage along the 
y axis is used in this demonstration to optically program the central modulator 
chip that represents the matrix; the chip contains a 2-D array of MQW p-z-n 
diodes in hybrid technology, as outlined in Section 2.1. The 1-D arrays of 
VCSELs serve as signal sources, and for detection, a charge-coupled device 
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Fig. 13. Scheme of a PIFSO multichip module with VM-type optical interconnects. 




Fig. 14. Computer model of the fan-out stage of the multichip module. E, Li, and 
L 2 are implement lenses, BS combines the functionality of a lens and a AI grating. 
M symbolizes a plane mirror. 



(CCD) camera is used. All optoelectronic chips as well as the electrical lines 
for power and data supply (not shown in Fig. 13) are integrated on a 0.5-mm 
thin substrate, termed “electrical.” All of the free-space optical components 
are integrated on a second 9-mm-thick substrate, termed “optical.” 

The design of the fan-out part of the optical system is based on multiple 
imaging using a lens assembly and an AI grating; the fan-in part is imple- 
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Fig. 15. Spot images from the image plane of the fan-out stage obtained through ray 
tracing simulations. The four squares in the lower part have a size of 20 pm x 20 pm 
and represent the respective targets on the modulator chip. 



mented through an anamorphic imaging system that compresses the object 
field in one direction. To obtain good imaging quality, all parts of the opti- 
cal system have to be adapted to the skew geometry. To this end, all lenses 
are modified according to Eq. (21) to reduce astigmatism. In addition to that, 
the lens assemblies are corrected for distortion at the system level. With these 
measures, one can expect good optical performance with precisely positioned 
spots and spot sizes of the order of 10 pm. This is confirmed by computer 
simulations on the basis of ray tracing. Figure 14 shows exemplarily a com- 
puter model of the fan-out part. Some of the corresponding spot images are 
depicted in Figure 15; apparently their structure is mainly determined by 
residual coma. 

For the fabrication of the experimental demonstrator, the method de- 
scribed in Section 2.2 was used. Optical components were realized as mul- 
tilevel DOEs and fabricated by means of binary lithography and reactive ion 
etching. Reflective coatings were realized with a thin layer of evaporated alu- 
minum. Lithography in connection with a lift-off process was also used to 
realize the electrical lines on the “electrical” substrate. The optoelectronic 
chips were then flip-chip bonded onto their respective positions. Finally, the 
“optical” and the “electrical” substrates were aligned to each other using a 
specially developed optical method [56] and mechanically fixed. 

Figure 16 shows the finished multichip module in an experiment where the 
basic functionality was tested by addressing individual VCSELs with electrical 
probe needles. In these tests, it was verified that all VCSELs could be elec- 
trically addressed and that the optical fan-out and fan-in worked as planned. 
Figure 17a shows the view with a CCD camera onto the 2-D modulator array. 
One can recognize the 20 x 10 target areas surrounded by the electrical lines. 
The 10 bright spots in the third line from the bottom are generated by the op- 
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Fig. 16. Experimental test of the fully assembled multichip module with electrical 
probe needles. 



electrical lines 

targets 



signal spots 



signal spots 



a) b) 

Fig. 17. Experimental demonstration of optical (a) fan-out and (b) fan-in the setup 
of Figure 16. 



tical fan-out system when the third VCSEL is “on” ; obviously, the respective 
targets are hit almost perfectly. It was found that the average spot diame- 
ter is 10.1 pm full width half-maximum, which is in good agreement with the 
theory and small enough to ensure good coupling efficiency. Figure 17b shows 
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the view with a CCD camera onto the output area. Here, one can recognize 
10 spots that result from the optical fan-in. 

In conclusion, the planar-integrated multichip module with VM-type op- 
tical interconnects demonstrates the practical feasibility and the great appli- 
cation potential of the PIFSO integration approach. 
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1 Introduction 

Semiconductor light sources like light-emitting diodes (LEDs), infrared emit- 
ting diodes (IREDs), and laser diodes have in the last years made a great step 
forward with regard to efficiency, reliability, and yield because of improve- 
ments in epitaxy, chip, and assembling technology. They cover the optical 
spectrum from blue up to the middle infrared and they are key components 
in the information and communication technology, the entertainment technol- 
ogy, in the automotive industry, and plenty of other applications. They work 
as simple indicator lamps, light sources for backlighting displays and sensors, 
transmitters in optical links, and many other functions. Their importance in 
the optical technologies will grow further in the future because of their high 
efficiency and low power consumption, small size and simple modulation of 
the intensity, low cost, and possibility of assembling them on printed-circuit 
(PC) boards together with electronic devices. 

Here, we will concentrate on the technology and application of LEDs. 



2 Semiconductor Technology 

Light-emitting diodes (LEDs) are semiconductor diodes based on III-V semi- 
conductors like the binary systems GaAs, GaP, and GaN, and the ternary and 
quaternary systems GaAsP, GaAlAs, InGaN, InGaAlAs, and InGaAlP and so 
on [1]. The band-gap and over-the-band-gap the color can be controlled by 
the combination and concentration of the III-V elements. Figure 1 gives an 
overview. 

The correlation between band gap E g (eV) and the wavelength A is 

A(nro) = he/ E g = 1240 /E g (eV). (1) 
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Fig. 1 . III-V Technology. 



Semiconductor lasers, the key components for fiber optics, were the big 
technological drivers for the development of the III-V semiconductor technol- 
ogy in the past. MOVPE (metal organic vapour-phase epitaxy) was developed 
mainly for laser fabrication. It allows the fabrication of quantum well struc- 
tures with a great improvement in the performance. Using this technology 
for LED fabrication, a great progress in brightness and reliability for this de- 
vices could be achieved and made the fabrication of a GaN LED, the blue 
light-emitting diodes, possible. Now, LED in the colors red, green, and blue 
are available, the key colors for visualization. Combining a GaN LED with an 
appropriate phosphorus white light, other colors can be generated for illumi- 
nation. 

Figure 2 shows the fabrication steps of an LED chip. On a substrate, for 
yellow, amber, and red LEDs the substrate is GaAs, and for a blue and pure 
green LED, the substrate is SiC or sapphire. The epitaxial layers are deposited 
and the p-n junction is grown in situ, the p and n contacts are evaporated and 
photolithographically structured; then, the wafers are cut into chips. Standard 
chips have a surface area of 200 2 -300 2 pm 2 and are 200-250 pm thick. The 
front contact covers about 120 2 pm 2 of the light-emitting surface. 

Figure 3 shows the vertical structure of an InGaAlP LED. The number, 
thickness, and composition of layers are comparable to that of a red edge- 
emitting laser. Thanks to this modern technology and the understanding of 
quantum well structures, the internal quantum efficiency of a InGaAlP LED 
for red, amber, and yellow light emission reached values in the range of 60 % 
to 80%, but only less than 10% of the generated photons N are coupled 
out of the semiconductor. The basic process of generating a photon in the 
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Fig. 3. InGaAlP technology for red, amber, orange, and yellow. 



semiconductor is the radiant recombination of an electron and a hole, which 
are injected from the n side and p side, respectively. The direction in which 
the photon is emitted is statistical. This means, that this internal point source 
is omnidirectional. However, due to absorbtion at the back side of the LED 
and total internal reflection at the upper semiconductor/air interface most of 
the emitted photons are lost. 

Using Bragg reflectors over the substrate consisting of A/4-stack semicon- 
ductor similar to the technology used for vertical cavity surface emitting laser 
(VCSEL), the light output can be increased. However, because of the low dif- 
ference of the refractive indices of the high and the low A/4-semiconductor 
layers, only rays with a narrow angle to the perpendicular coupled out and 
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contribute to the light extraction. One gains about a factor of 1.2 in compar- 
ison to the structure without Bragg reflector. 

Only photons emitted into the cone defined by the angle of total reflection 
a can leave the chip over the plane surface of the LED. The others are reflected 
to the substrate. The angle of total internal reflection is 

a = arcsin(l/n). (2) 

The high refractive index n of semiconductors - n lies between 2.5 for GaN 
and 3.4 for InGaAlP - causes a small angle of total reflection and, therefore, 
only a small percentage p of the generated photons N are coupled out over 
the upper surface (Fig. 4, left-hand side). The percentage p is proportional to 
the surface S 

S == (1 - cos(a))/2 (3) 

which is cut out of the surface of the unit sphere by the cone with the half- 
angle a. The factor 1/2 is valid if no Bragg reflector is used because then 
only photons directly radiated into the upper hemisphere contribute to p. 
Therefore, for p, we get the equation 

p = Sx 100%. (4) 

p reaches values in the range of 4.2 % for GaN and 2.2 % for InGaAlP in air 
and 11 % and 5% in transparent plastics, for instance, epoxy with n = 1.5 if 
light leaves the semiconductor only through the upper surface. 

If the nonabsorbing window layer (Fig. 3) is thick enough, a reasonable 
portion of photons are coupled out at the side walls of the LED too. In the 
ideal case, if the photon source is located on the axis of a cylindrically shaped 
chip and the thickness d of the window layer is the minimum d = R* tan (a) 
( R radius of the cylinder), the surface S° cut out of the unit sphere is 

5° = sin(a)/2. (5) 

This value is much higher than S. For practical applications, the photon 
source should be located inside the circle with radius r = R/n in the radiant 
zone, where R is the radius of the cylinder and n is the refractive index of 
the semiconductor. This is the well-known Weierstrass condition. That means 
that in order to achieve a better coupling-out efficiency, the side walls should 
also be used for light extraction. 



3 Microoptical Structures 

The lateral dimensions of standard LED chips are 200-300 pm square. Accord- 
ing to Eq. (5), the window layer should be 150-200 pm thick. The epitaxial 
deposition of such thick layers is principally possible, but very expensive. A 
practical approach is to bond a transparent wafer such as GaP on a InGaAlP 
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epi-wafer (wafer bonding) and then remove the absorbing substrate. With this 
technology, a very bright LED can be produced, but the bonding process is 
very pretentious and its quality has a great influence to the electrical and 
optical parameters of the diode. 

Microoptical structures offer an another relatively simple solution to 
achieve a higher efficiency. Etching a pyramidal or cylindrical microstruc- 
ture in the window layer, the coupling-out efficiency can be increased, but 
also other microoptical structures can be used [2]. A layer thickness of only 
15-20 pm is necessary to achieve good coupling-out conditions . The diameter 
and the pitch of the micropyramids and cylinders have the same dimensions. 
Compared to the plane structure of the LED, the efficiency is increased by a 
factor of about 2. Figure 4 shows the plane and the microoptical structures 
of such a LED. The pyramidal structure guides the photons like an inverted 
taper. Reflected rays change their angle and therefore have a good chance of 
being coupled out at the opposite side wall or after a further reflection. In a 
cylindrical structure, only rays which are not totally reflected at the “first wall 
touch” leave the semiconductor. The reflected photons remain in the cylinder 
and will be absorbed. 



4 Thin-Film LED 

The LED with a microoptical structure on top still has the disadvantage that a 
large amount of the photons in spite of the Bragg mirror are lost by absorption 
in the substrate because only photon rays with a narrow angle perpendicular 
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Fig. 5. Eutectic bonding. 



to the chip surface are reflected and contribute to the efficiency, as already 
mentioned. 

Replacing the dielectric mirror by a highly reflective metallic mirror, the 
losses on the back side can be reduced. The so-called thin-film LED uses this 
technology. A microoptical structure is etched in the eptaxial layer that is 
then evaporated with a highly reflective metal. The metal layer is a mirror and 
contact together. Then, the wafer with the metallized side eutectic is bonded 
to a carrier wafer. That is totally different from the already described wafer 
bonding process. Here, the highly reflective mirror replaces the transparent 
substrate. The advantage of this technology is that in addition to the lower 
costs, there are no restrictions on the chip size. 

The efficiency, however, is very sensitive to the reflectivity of the mirror 
because multiple reflections are necessary to achieve high coupling-out values. 
The reflectivity can be varied by microoptical structuring of the top surface. 
If the microoptical structure consists only of a roughened surface, the optical 
output can be increased by a factor of 2 compared to a plane surface. The 
scattering process changes the direction of some of the internally reflected 
photons so that they can now leave the LED. This process can be further 
enhanced. If microoptical structures are used similar to them as shown in 
Figure 5, the factor can be increased to 3. 

Blue-emitting diodes have a transparent substrate and, therefore, it has 
advantages to make the microoptical structure - in this case, a pyramidal 
structure - on the substrate. The coupling-out efficiency of such diode is nearly 
a factor of 4 higher compared with the former plane and p-side-up diode. 

Figure 5 shows the principle bonding process and the surface structure of 
InGaAlP and InGaN diodes. 
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Fig. 6. InGaN and InGaAlP high-brightness LEDs. 



5 Conclusion 

Light-emitting diodes have a broad range of applications. Together with steady 
improvement of the basic materials and technology and the introduction of 
microoptical structures for coupling the light out of the semiconductor, the 
brightness of LED could be increased by more than a factor of 100 in the last 
30 years and there is still potential for increase the efficiency. Compared to 
standard light sources, this is an impressive result (Fig. 6). 
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1 Introduction 

Optical sensing using microoptical devices is a promising area not only because 
of the small dimensions and cost-efficient production technologies of those 
devices. Many sensing principles are based on special features, which are only 
provided by microoptics and integrated optics. The tip of an optical fiber, for 
example, provides an extremely small detection area for point measurements. 
The fiber coil and the integrated optical phase modulators are components, 
essential for the operation of optical gyroscopes. The evanescent field of a 
guided wave allows the construction of very sensitive chemical and biochemical 
sensors. Often, very small sample volumes have to be analyzed in biochemical 
analytics. Miniaturization of the optical detection principles, therefore, is an 
important issue in analytics. 



2 Interferometric Displacement Sensing 

At the end of the 1980s, integrated optical interferometers had been devel- 
oped intensively for the construction of rotation rate sensing and distance 
measurement. One of the main obstacles for sensitive detection, which is, in 
principle, possible with interferometers, is the undesired sensitivity to influ- 
ences like temperature variations or mechanical vibrations. Also, a very high 
stability of all components within the system is required. The periodic struc- 
ture of the interferometer transmission curve is an additional problem, from 
which an ambiguity of the detected values and the so-called signal fading 
arise. Miniaturized sensors can be constructed in a way which makes the sys- 
tem insensitive to disturbing outer influences. The signal processing problem 
is solved by using integrated optical phase modulators, by which - at least 
over a certain range - linearized signals are provided. 

For distance gauging, commonly the Michelson interferometer is used 
whose basic principle is shown in Figure 1 [1]. One of the mirrors is mounted 




262 Albrecht Brandenburg 




mirror 



Fig. 1. Principle of the Michelson interferometer. 



on the moved part; the other components are part of the measurement device. 
The transmission curve is tuned over one interference fringe when the mirror is 
moved over the distance of half a wavelength, resulting in the interferometer’s 
high resolution. 

The output intensity is proportional to the cosine of the phase difference 
Aip: 

I ~ 1 + cos(Ap). (1) 

The phase difference is basically given by the distance to be measured in units 
of the wavelength A: 

A(p = 4nnz/\. ( 2 ) 

A miniaturized version of this setup, as proposed in Refs. [2] and [3], is 
shown in Figure 2. The core element is an integrated optical (10) device on 
silicon, which combines the function of the beam splitter, the reference mirror, 
a spatial filter, and a phase shifter. A semiconductor laser is used as a light 
source. The laser and the 10 chip have to be temperature stabilized. One of 
the main issues is the stabilization of the laser wavelength. 

The silicon chip is 7.5 x 7.5 mm; the dimensions of the sensor head are 
74 mm in length and 17 mm in diameter. The measurement range is 700 mm 
at a resolution of <10 nm. The accuracy is mainly determined by laser drifts. 
The wavelength stability of the laser is 1 x 10~ 6 , resulting in an measurement 
accuracy of 100 nm for a working distance of 100 mm. 
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Fig. 2. Interferometric displacement sensor. 



3 Laser Doppler Anemometry 

Laser Doppler anemonetry (LDA) is a well-known principle for the contactless 
detection of the velocity of a moving element [1]. The scattered light from a 
moving surface is detected (Fig. 3). Light frequency is Doppler shifted. A 
difference frequency is observed when there are two light waves, one of them 
having a component in the direction of the moving object and the other one 
propagating in the opposite direction. This frequency is proportional to the 
velocity to be measured. 

Another way to explain this effect is to consider the interference pattern 
produced by the two light waves on the moving surface. A scattering particle 
produces a modulated light intensity because of the spatial structure of the 
object illumination. A main problem of LDA is the detection of the direction of 
the movement. This can be provided by using two different light frequencies. 
This results in a moving interference pattern. Now, also at zero velocity, a 
periodic signal is found. The movement in one direction results in a decrease 
of the signal frequency and movement in the other direction results in an 
increasing frequency. 

The incoming waves, oscillating at the frequencies v\ and z/ 2 > 

E = Eq cos[ 27 t(z/i t)] and E = Eq cos[27t(z/ 2 t)], (3) 

produce a frequency shifted signal, given by 
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Fig. 3. Principle of laser Doppler anemometry. 

I = {E 0 COs[27t(^i - v 8 i)t] + Eo cos[27 t(i/ 2 + V 8 2 )t]} (4) 

with v s \ = vj\\ and v S 2 — ^/A 2 , where v is the velocity to be measured and 
Ai and A 2 denote the wavelength of the two light waves. 

The signal component at the difference frequency is 

Id = ^o-cos[27r(z/i -v 2 ~ 2i/ 8 )t] with v s « v 8 \ « v s2 . (5) 

Conventional LDA systems use Bragg cells for shifting the original light 
frequency. A miniaturized and very elegant method for frequency shifting is 
the sawtooth-shaped phase modulation. This is realized by an electrooptical 
phase modulator, based on lithiumniobate (LiNbOs) technology, as shown in 
Figure 4. The light of a laser diode is split in the Io device into two waveguides. 
At both sides of the outgoing waveguides, planar electrodes are positioned. 
The refractive index of the material is modulated by the electrical fields within 
the waveguide region, causing the desired phase shift. The device is also a very 
efficient polarizer. The polarization of light is due to the fact that the wave- 
guides guide only light of one polarization. 

A measurement system as shown in Figure 5 uses a modulation frequency 
of 20 MHz. The required voltage is 3 V. The device is fiber coupled with po- 
larization, maintaining monomode fibers at the input and at the two output 
ports. The measurement range is —40 m/s to +40 m/s. with an accuracy of 
0.1%. By integration, a displacement measurement is performed. The achiev- 
able length resolution is 1mm [4,5]. 

4 Rotation Rate Sensing 

The inertial detection of rotation rates is based on the so-called Sagnac effect. 
Due to this phenomenon, a light wave guided through a closed loop suffers a 
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Fig. 5. LDA system with 10 phase modulator and miniaturized sensor head. 



phase shift of 

Aip = &7rN[A/(c\)]f2, (6) 

where Q is the rotation rate in arc per second, N is the number of loops, and 
A is the area within the light path [6,7]. 

Standard sensors, based on this effect, are laser gyroscopes, which are used, 
for example, for flight navigation. Passive devices include fiber gyroscopes, as 
shown in Figure 6. The light from a laser diode or super luminescent diode is 
coupled into both ends of a fiber coil, using the integrated optical Y-branch [8]. 
After having traveled through the fiber, the waves are recombined in the Y- 
branch and interfere. If the whole arrangement is rotating, a phase shift is 
observed due to the Sagnac effect. The same 10 device device is used as for 
the LDA sensor. It combines the functions of beam splitting, polarization, 
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Fig. 6. Passive fiber gyroscope. 



and phase modulation. A sinosodial phase modulation is performed in order 
to yield an output signal, which is proportional to the rotation rate. By fil- 
tering the detector signal at the modulation frequency, for small signals, the 
amplitude of the resulting signal is proportional to the phase difference of 
the clockwise and counter-clockwise propagating waves. Alternatively, digital 
signal detection schemes are used. The resolution of fiber gyroscopes ranges 
from 0.005°/h down to 0.001°/h. 



5 Microspectrometer 

Small and cost-efficient spectrometers are needed for color measurement, iden- 
tification purposes, and diagnostic applications. A diode array spectrometer, 
based on a planar waveguide structure, was realized for the visible, ultraviolet 
(UV), and the near-infrared (NIR) spectral range (Fig. 7) [9]. The microspec- 
trometer is based on a hollow-cavity waveguide design without any moving 
parts. It is attached to a photodiode detector array. The light is coupled into 
the spectrometer through a 300/330 pm (core/cladding diameter) silica fiber 
and the entrance slit. The light is guided by total reflection inside the spec- 
trometer cavity. The spectrometer itself is a micromolded monolithical device 
that includes the entrance slit, a focusing flat field echelette grating, and 
the camera mirror. These elements are arranged in the Rowland design. The 
microstructures are replicated with optical surface quality using the LIGA 
technology (Fig. 7) [10]. The monolithic Rowland design guarantees good me- 
chanical, thermal, and optical stability. There is virtually no thermal drift 
of the wavelength calibration due to the fixed angular relationship between 
the optical components. State-of-the-art Si detector arrays are used for the 
UV/visible spectrometer, whereas the NIR microspectrometer incorporates 
an array made by InGaAs detector technology. 
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Fig. 7. Miniaturized grating spectrometer. (Prom Ref. [9]) 



The UV/visible spectrometer is designed to operate over the UV to the 
NIR spectral range. In the first diffraction order, it can be used from 320 to 
920 nm. In the second diffraction order, the range from 220 to 350 nm is acces- 
sible. The spectral resolution is >10nm at a pixel dispersion of 3.5nm/pixel. 
The dynamic range is up to 10,000 : 1 (at 80% full scale). Another spectrom- 
eter is designed for the NIR region, covering the spectral range from 1100 nm 
to 1700 nm. Here, the spectral resolution is >16 nm at a pixel dispersion of 
10.5nm/pixel. There is no requirement for cooling the detector. 

The microspectrometers are compact hand-held, battery-powered devices 
for applications like transcutaneous measurement of blood parameters in med- 
ical diagnostics, analysis of specific fluorescence spectra for product identifi- 
cation, colorimetry for quality control of prints, material and light sources, 
analysis of agricultural and nutrition products, and transmission and reflec- 
tion measurement of coatings and filters. 



6 Fiber-Tip Sensors 

Extremely small sensor heads for chemical sensors are realized by coating the 
tips of optical fibers with chemically sensitive materials. Analogous to the 
electrodes of electrochemical sensors, these sensors are called “optodes” or 
“optrodes.” The sensitive films usually consist of a membrane material, usu- 
ally a polymer and an indicator. The indicators, for example, change their 
transmission when the species to be detected diffuse into the membrane ma- 
terial. Alternatively, fluorescent dyes are used. The change of fluorescence 
intensity or fluorescence decay time are read out optically [11]. 

The measurement of oxygen concentration can be done with fluorescing 
dyes, based on the effect of fluorescence quenching. For many dyes, fluores- 
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Fig. 8. Oxygen optode, basing on fluorescence decay time. (From Ref. [13]) 




cence intensity and decay time depend on oxygen concentration according to 
Stern-Volmer equation: 



Io/I = V r = l + k[0 2 ], (7) 

where Jo and I are fluorescence intensity in the presence and in absence of 
oxygen; tq and r are luminescence decay time in presence and in absence of 
oxygen, k and [O 2 ] are the Stern-Volmer constant and the oxygen concen- 
tration, respectively. The fluorescence of several indicator dyes is quenched in 
the presence of oxygen. Indicators used are, for example, polycyclic aromatic 
hydrocarbons, transition metal complexes of Ru(II), Os(II), and Rh(II), and 
phosphorescent porphyrins containing Pt(II) or Pd(II) as the central atom. 

The optical arrangement of an oxygen optode is shown schematically in 
Figure 8; the fluorescence of a coated fiber tip is shown in Figure 9 [12, 13]. 

Fluorescence intensity measurement is strongly affected by all influences, 
leading to intensity changes within the optical arrangement, including fiber 
bending losses, photobleaching of the dyes, variations of source intensity, and 
coupling efficiency. All of these problems are overcome by using the decay 
measurement, which does not depend on absolute intensity values. 

The small dimensions of the fiber tips provide a spatially well-defined 
measurement. All of these sensors also work as remote sensors with sensitive 
films deposited on any surface. Excitation and collection of fluorescence light 
is performed by a fiber end, placed at a distance from the film. 



7 Evanescent Wave Sensors 

The guided light of a dielectric waveguide is not totally confined to the wave- 
guide. Parts of the waveguide mode are guided outside the surrounding media 
[14]. This is the so-called evanescent wave, which decays exponentially in 
the substrate and the superstrate of the waveguide (Fig. 10), allowing the 
detection of chemical reactions or concentration changes in the vicinity of the 
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Fig. 9. Fluorescence of a fiber tip, coated with a fluorescing film, left: exitation 
light, right: fluorescence light. (From Ref. [13]) 



intensity distribution 
of guided light 




Fig. 10. Intensity distribution of light, guided in a planar waveguide. 



waveguide. The evanescent wave method is well suited for the detection of 
surface-bound chemical reactions or of processes within thin films or small 
flow cells. The detection volume is very well defined by the extension of the 
evanescent wave. Only a region of 25 nm to 1 pm, depending on the wave- 
guide and the measuring wavelength, is observed. Background signals from 
the surrounding volume is efficiently suppressed. Evanescent wave sensing can 
be extremely sensitive, as the signal is integrated over the surface along the 
waveguide. 

Basically, three types of evanescent field sensor exist: The waveguide pho- 
tometer detects the absorption of light by a substance on the waveguide sur- 
face. With the waveguide fluorometer, fluorescence of a molecule to be de- 
tected is excited very efficiently by the evanescent wave. The emitted light can 
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either be collected conventionally by methods of free-space optics or through 
the waveguide. The third detection principle is the measurement of phase 
changes, caused by adsorption or binding of molecules on the surface. This 
can be understood as a change of effective refractive index of the guided wave, 
caused by the formation of an adlayer with a refractive index, higher than that 
of the ambient region. The effective refractive index n e ff = c/v p h is - anal- 
ogous to the definition of the refractive index of a homogeneous medium - 
the ratio of vacuum light velocity c and the mode’s phase velocity v p h in the 
direction of the waveguide. 

An example of a waveguide photometer is an infrared sensor for the de- 
tection of hydrocarbons in water [15]. The strong absorption lines of organic 
molecules in the mid-infrared (MIR) between 8 \xm and 12 pm wavelength are 
used for a specific detection of different species. The sensor is basically a 
polymer-coated infrared-transparent fiber, made of silver halide. The polymer 
coating has two functions: The water is kept out of the region of the fiber’s 
evanescent field, as it would cause high additional loss due to the high ab- 
sorption of water in the MIR. Second, the hydrocarbons not only penetrate 
the polymer but even enrich the material, increasing the sensor’s sensitivity. 
Because of the integration of light absorption over the fiber length, sensitivity 
is further increased, as mentioned earlier. 

For measurements in bore holes, a compact unit was built, consisting of 
a light source with fiber coupling optics, the coated fiber, and a spectrom- 
eter unit. The spectrum is taken by a small grating spectrometer, covering 
the spectral range, mentioned earlier. The detection limit, determined, for 
example, for tetrachloroethylene, is below 1 ppm. 

The fluorescence excitation through the waveguide is used for the detec- 
tion of biochemical reactions like DNA - DNA interactions or immune reac- 
tions [16]. One of the chemical species is labeled with fluorochrome, which is 
excited by the evanescent wave. As shown in Figure 11, the waveguide sur- 
face can be structured with an array of different recognition molecules (e.g., 
different oligonucletide sequences). The techniques for the fabrication of large 
arrays of covalently bound probe molecules are well known from the biochip 
technology. The fluorescence light is collected by a lens system. With a charge- 
coupled device (CCD) camera and image recognition software, the intensity 
is determined of each dot of the array. With cooled CCD cameras, even single 
molecules can be detected. 

The evanescent field detection allows the detection of reaction kinetics (i.e., 
the time dependence of the binding event), as the fluorescence background 
from the solved fluorochromes is efficiently suppressed. 

The biochemical assay is significantly simplified if the detector can de- 
tect the reaction without labels. Labeling of molecules and washing steps 
become unnecessary. One method of label-free detection is the surface plas- 
mon resonance principle (i.e., the analysis of resonant oscillations of electrons 
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Fig. 11. Waveguide- based fluorescence biochip reader. 




Fig. 12. Interferometric label- free detector. 



in a thin metal film) [17]. Basing on dielectric waveguides, label-free detection 
is possible by monitoring the phase velocity of guided light. The changes of 
light phase can be directly converted into changes of mass coverage of bound 
molecules. Two methods for monitoring phase velocity have been proposed: 
the grating coupler method [18] and interferometric detection [19]. A Young 
interferometer setup is shown in Figure 12. After splitting the incoming light 
into two branches - the measuring and the reference branch - the waves couple 
out and overlap due to the divergent output of the stripe waveguide, forming 
a pattern of interference fringes. This signature is moving laterally when the 
phase difference at the output of the two arms varies, indicating a binding 
event. 
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Fig. 13. Miniaturized optical spectrometer. Top: schematic representation of the 
light path. Bottom: Realized waveguide-optical sensor. 



8 Summary 

Detection principles of microoptic sensors were discussed. This is not a com- 
prehensive survey, but the most important sensing principles were given with 
some examples. The sensors or sensor systems, discussed here, are mostly not 
micrometer-scaled, but their function is essentially determined by the specific 
properties of a microoptic component. 

The following detection principles have been realized using microoptic 
components: interferometric distance sensing and laser Doppler anemome- 
try are realised in a miniaturized way. Due to their small size, they may be 
used also in sites which are inaccessible for larger systems. Also, fiber optic 
rotation sensors are based on an interferometric detection principle. Miniatur- 
ized spectrometers provide very small and inexpensive analysis of colours and 
detection of certain substances in an a sample (Fig. 13). Fiber-optic sensors 
are used for the detection of chemical species and humidity. Evanescent field 
sensing provides very sensitive fluorescence detection of biochemical reactions 
at the surface of a waveguide. Furthermore, this principle allows the detection 
without labels like fluorescence dyes or radioactive markers. 
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Fiber-optic gyros (FOGs) and micro-electro-mechanical-systems (MEMS) ac- 
celerometers are used today in inertial strapdown systems for medium ac- 
curacy and expanding into high-performance strapdown navigation systems 
in competition with ring laser gyros (RLGs), whereas from the low-accuracy 
side, MEMS gyros are used for expanding to the medium accuracy ranges. 
The FOG principle is based on constant light velocity. This results in a phase 
difference of lights which are propagating through a fiber coil in clockwise (cw) 
or counterclockwise (ccw) directions if a rate is applied. The phase difference 
is proportional to the rate. The FOG technology has been developed from an 
open-loop design - still used in some market niches - to closed-loop design 
with high bandwidth and random phase modulation technique. The first gen- 
eration of FOG systems uses one light source split by a 3x3 coupler to three 
fiber coils. More than 15.000 FOGs for such triad systems have been produced 
and delivered. Typical applications are Attitude and Heading Reference Sys- 
tems or Land Navigators, which are described. The second generation of FOG 
systems uses single-axis FOGs with internal processors. A large quantity of 
these fiber-optic rate sensors (p-FORS) can be easily calibrated separately and 
later assembled to modular systems. The features of the p-FORS family for 
bias values from 6°/h down to 0.05° /h are given. The different bias values are 
realized by adapting the fiber length on the coil. The other optical parts and 
the electronics are unchanged. One main feature for the common electronics 
is the tracking of the modulation frequency to the actual fiber length. 

The MEMS accelerometers are still mechanical sensors built by the micro- 
machining technique. The technology, the mechanical sensor, and the electron- 
ics are described on the example of the B-290 Triad, which is a typical MEMS 
accelerometer product. Test data for bias repeatability and stability and scale 
factor accuracy before and after temperature compensation are presented. 
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Fig. 1. Evolution of gyro technologies. 
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Fig. 2. Block diagram of the closed-loop FOG. 



1 Basic Fiber-Optic Gyro Technology 

If we look at FOGs, there exist the open- and the closed-loop designs. The 
major advantage of the closed-loop FOG is the high linearity of the scale factor 
and its insensitiveness against environment, especially against vibration. 

The evolution of the most important gyro technologies in terms of accu- 
racies over the years is shown in Figure 1. 

Today, the high-accuracy end is still occupied by RLGs. The moderate 
accuracy range from 0.01°/h to 30°/h is mainly covered by FOGs, and MEMS 
gyros are rising up from the low end accuracy. 

LITEF produces a closed-loop design only. The block diagram of the 
closed-loop FOG is shown in Figure 2. The heart of the FOG is the multi- 
function integrated optic chip (MIOC). The MIOC realizes the polarizer, the 
main coupler, and the modulator in one chip, which is shown in Figure 3. The 
MIOC production is done on LiNbOs wafers by forming proton-exchanged 
waveguides and sputtered electrodes. Thirty-two MIOCs are diced out of one 
wafer, which is shown in Figure 4. 

The advantage of this technology is the high extinction ratio of the po- 
larizing waveguides formed by proton exchange [1]. The drawback of this 
technology is the high up-front investment for an independent in-house pro- 
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Fig. 3. Multifunction integrated optic chip (MIOC). 




Fig. 4. Lithium niobate technology steps: 3-in. wafer with 32 MIOCs, subwafers, 
and single chips. 



duction for the MIOC and the challenge of the new technology, which requires 
clean rooms and equipment for lithography, proton-exchange baths, annealing 
ovens, sputtering equipment, wafer dicing tools, and chip polishing tools. 

Between 1994 and 2002, LITEF produced more than 30.000 MIOCs with 
high yield for its FOG products. 



2 FOG-Triad Systems 

At the beginning of the 1990s, the superluminescent light-emitting diode 
(SLD) light source package was a question of cost for fiber-optic produc- 
tion. Therefore, the natural decision was to use one SLD light source and 
distribute the light power to three IO chips and fiber coils. Such a triad struc- 
ture is shown in Figure 5; a typical sensor block assembly is shown in Figure 6 
- this may be used in the Attitude and Heading Reference System (AHRS) 
for commercial applications. 

To date, LITEF has developed five different triad configuration systems: 

• LITEF Commercial Reference-92 (LCR-92), an Attitude Heading Refer- 
ence System with bubbles as the level sensor for commercial airborne ap- 
plications 

• LITEF Commercial Reference-93 (LCR-93), an Attitude and Heading Ref- 
erence System with integrated silicon accelerometers for commercial air- 
borne applications 
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Fig. 5. Fiber-optic gyroscope - triade structure. 




Fig. 6. Sensor block micro Attitude and Heading Referencs System. 



• LITEF Transport Reference-97 (LTR-97), an Attitude and Heading Ref- 
erence System with bubbles as the level sensor for airline and transport 
application 

• LITEF Land Navigator-GX (LLN-GX), navigator, which integrates the 
information of the FOGs, of the bubbles, of the odometer of the vehicle, 
and of a GPS receiver to optimal navigation data 

• LITEF Land Navigator-Gl (LLN-G1), a navigator similar to LLN-GX 
but with high accuracy FOGs, with accelerometers instead of bubbles and 
integrated with self-alignment features to the north 
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The accuracy span from 3°/h to 0.08° /h of those systems is achieved with 
different coil designs and fiber lengths. The electronics are almost identical. All 
of these systems have been in production for several years and the quantities 
produced have increased; for example, between January 2000 and July 2002, 
more than 3000 Triad Fiber-Optic Systems were produced. Therefore, LITEF 
has gained much experience in the field of FOG production yield. Where pro- 
duction yield is concerned, the most critical production test is calibration over 
the temperature of the system, which is done on a turntable with a climate 
chamber. Such tests are fully automatic and steered by computers, and four 
systems can be calibrated simultaneously; however, the test time is between 
10 and 36 h and the test equipment is expensive. Today, the production yield 
in calibration of almost all Fiber-Optic Triad Systems is over 90 %. In addi- 
tion to the well-known measurement for optical reciprocity and random phase 
modulation with its auxiliary loops, the main problems to be overcome for 
that yield were as follows: 

• Electronic noise at the IO modulator that can create bias errors that are 
difficult to describe with a model. Filtering is very limited because of the 
required high bandwidth of 100 MHz for the modulation. 

• Effects on bias by the so-called “bunny ears” created by electronic tran- 
sients in conjunction with the interferometer transfer function. Nonlinear- 
ities in the detector and amplifier channel can also create bias. 

• Wavelength-selective optical losses in fiber and couplers that create scale 
factor problems over temperature. 

To always be able to calibrate three FOG axes simultaneously, a high- 
performance margin is required for the FOGs to achieve the 90% yield in 
production. 



3 Modular Fiber-Optic System Design 

Modular system design is a general design required for an easy assembly of a 
system in production. This is also realized in Fiber-Optic Triad Systems. How- 
ever, a higher level of modularity means that each component of such a system 
should be testable in its function with high failure elimination, not only for an 
easy assembly but also for a successful test (e.g., calibration and acceptance 
test). This is difficult to achieve for Fiber-Optic Gyro Triad Systems, because 
the total function (e.g., bias or scale factor accuracy) can only be tested with 
about 50% yield on the component level. In calibration, all parameters of all 
three axes then have to be tested simultaneously, which creates high require- 
ments for the material and functionality of components and their integration. 
However, such a modular system design can easily be realized with single-axis 
FOGs with internal electronics and a processor which compensates for bias 
and scale factor over temperature. Each gyro can be calibrated individually 
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Fig. 7. Modular FOG inertial measurement unit (IMU) approach. 



over temperature and later assembled within systems with orthogonal or re- 
dundant skewed axes. A block diagram of such a modular system is shown in 
Figure 7. 

A digital synchronous bus IBIS (Intelligent Bus for Inertial Sensors) links 
the single-axis micro-fiber-optic rate sensors (|x-FORS) and the triad including 
silicon accelerometers (B-290 Triad) with the processor module. The data rate 
can be programmed between 5 Hz and 8 kHz. A power supply can be added if 
the required voltages (±15 V and ±5 V) are not delivered. 



4 Single- Axis [x-FORS Family 

The ^i-FORS was developed in 1995 [2] and more than 6000 |i-FORS have been 
produced and delivered to date. p,-FORS is a single-axis fiber-optic rate sensor 
with the necessary optics and electronics in a small housing of 76x55x20 mm 3 . 
It requires ±5V and 2W and delivers the rate data in digital format via 
the IBIS bus. Bias and scale factor are compensated over temperature inter- 
nally by a processor within the digital application specified integrated circuit 
(ASIC). Many features can be programmed (e.g., the rate range and the out- 
put data rate) [3]. The p,-FORS uses a SLD without Peltier cooler, a binary 
digital MIOC with integrated digital-to-analog converter (DAC) function, a 
low-cost detector, and a flash ADC. The main control loop, all auxiliary loops, 
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Fig. 8. Bias statistics of jx-FORS-36 and jx-FORS 6. 



and the reduced instruction set computer (RISK) processor are to be incor- 
porated within a digital ASIC with 1.4 Mio transistors. The main bulk of the 
production quantities are dedicated to p-FORS-36 and p-FORS-6, the bias 
performance which is shown in Figure 8. 

In the meantime, LITEF has developed a [r-FORS family with the follow- 
ing features: 

• Compact single-axis rate sensors 

• Temperature-compensated digital output 

• Programmable rate range, with higher resolution and data rate 

• Fiber coil length from 50 m to 500 m 

• Bias residual errors from 6°/h to 0.03° /h 

• Scale factor error from 3000 ppm to 100 ppm 

• Typical size: 76 mm x 55 mm x 20 mm 

The major steps for the improvement of bias and scale factor to these 
limits have been a new digital MIOC with 12-bit electrodes and a new digital 
ASIC with 4-Mio transistors, which includes the following improvements [4]: 

• An improved hardware scale factor control 

• An optical coil fiber length measurement 

• Mdulation frequency tracking to the actual fiber length 

• A bit-weighting compensation algorithm for the digital MIOC 

• Subsequent noise and resolution reduction 

• Improved data path for main control loop 

• ARM 7 RISK processor with RAM/ROM 
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Fig. 9. Optical components of p-FORS with a 500-m fiber coil. 




Fig. 10. MIOC and electronics board of the p-FORS. 



With the new feature - the tracking of the modulation frequency to the 
actual fiber length - the bias effects, created by synchronous noise, vanish is 
a significant improvement. 

The smallest p-FORS family member is the p-FORS-36m. The main chal- 
lenge was the development of an analog ASIC together with a multichip mod- 
ule for the detector and an optimized packaging of optics and electronics. 

The most accurate p-FORS has a 500-m fiber coil and a Peltier stabilized 
SLD. This p-FORS is shown in Figures 9 and 10. 
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Fig. 11. Measured bias values of [i-FORS 36 m at room temperature. 




Fig. 12. Bias statistics of a 500-m FOG. 



Figure 11 showes the measured bias values of 100 sensors /x-FORS-36m. It 
can be seen that all values except three axes are within ±3°/h. 

The best performance of 500 m FOGs in production is shown in the bias 
statistics of Figure 12; 90 % of the produced gyros are below 0.04° /h bias and 
the typical bias (highest peak) is 0.015° /h. 



5 MEMS Accelerometer 

Most of the MEMS accelerometers principles use elastically supported pen- 
dulums produced by bulk micromachining. A typical example of that type is 
LITEF’s B-290 accelerometer whose principle is shown in Figure 13. 

Upon acceleration, the position of the pendulum and the gaps between 
the cover wafers are changed. The gaps are used as a capacity bridge for the 
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Fig. 13. Principle of the silicon accelerometer B-290. 




Fig. 14. Silicon accelerometer chip for B-290. 



pick-off and as the restoring torquer by means of electrostatic forces. The total 
silicon chip is shown in Figure 14. The chip is built out of five silicon wafers by 
silicon direct bonding: Two shield wafers are added to avoid stray capacities. 

The opened chip allows the view of the pendulum with the hinges and 
the electrode with the shielding frame on the other side in Figure 15. The 
production process of the chip is actually a batch process on 5 wafers for 140 
chips which are bonded together at the end of the process and then cut into 
140 accelerometer chips. 

The sensor electronics switch the voltage at the capacitor bridge and sense 
the differences in the capacitor bridge by a charge amplifier and an ADC. A 
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Fig. 15. Open accelerometer chip for B-290. 




Fig. 16. Open B-290 accelerometer triad. 



signal processor performs the linearization and steers the restoring by electro- 
static forces. The digital acceleration output of the processor is compensated 
in bias and scale factor over temperature. The electronics for a sensor are 
integrated within two small hybrids; three sensors and three electronic sets 
are built into a triad, as shown in Figure 16. 

In a cost-reduction program, a mixed signal ASIC was developed for the 
charge amplifier, different voltage controls, and the ADC used for each sen- 
sor. Only one signal processor is used for three sensors, which dropped cost 
and power consumption of the B-290 triad. The new B-290 triad is shown in 
Figure 17. 

Each B-290 triad is calibrated over temperature and scale factor and bias 
is compensated inside by the signal processor. Typical scale factor and bias 
repeatability over temperature are shown in Figures 18 and 19. 
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Fig. 17. New design of the B-290 accelerometer triad. 
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Fig. 18. Bias repeatability over temperature. 



6 Inertial Measurement Unit 

Three p-FORS and one B-290 triad are the inertial sensors for an orthogonal 
inertial measurement unit (IMU); only the processor and perhaps a separate 
power supply has to be added according to the block diagram of Figure 7. 
Due to separation into single-axis FOGs, it is easy to adapt the housing for 
different geometric requirements. Normally, this packaging is carried out by 
the manufacturer, but this may also be done by the customer. As an example, 
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Fig. 19. Scale factor repeatability over temperature. 




Fig. 20. Example of a modular measurement unit. 



a packaged IMU is shown in Figure 20, with integrated IMU processor and 
power supply. The size is 13x11x7.5 cm 3 and the weight is 1.1kg. 
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7 Conclusion 

The chapter presents two generations of FOG systems by LITEF. The first 
FOG system generation consists of one light source split by a 3x3 coupler 
to three fiber coils. The second generation of FOG systems uses single-axis 
FOGs with an internal processor. These fiber-optic rate sensors can easily be 
calibrated separately in high quantity. The p-FORS family is characterized 
by bias errors ranging from 6°/h to 0.05° /h. The different bias values are 
realized by adapting the fiber length on the coil. The other optical parts and 
the electronis are unchanged. 

The mechanical sensor, including electronics, and the underlying technol- 
ogy are described by the example of the B-290 triad, a typical MEMS ac- 
celerometer product. Test data for bias repeatability and stability and scale 
factor accuracy before and after temperature compensation are presented. 

Three p-FORS and one B-290 triad are the inertial sensors for an orthog- 
onal IMU, only the processor and perhaps a seperate power supply has to be 
added. 
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1 Introduction 

Miniaturization is a general trend in many technical applications. In addition 
to the dramatic development in microelectronics, optoelectronic and photonic 
systems have largely participated in this development. Fiber sensor systems 
are highly illustrative examples not only of the use of microoptical components 
but also of the application of microsystems technology in general, including 
optoelectronic and micromechanical components [1-3]. In this chapter, we will 
discuss the field of spectrally encoded fiber sensor systems in this context. 

The development of high-quality and low-cost optical fibers for telecommu- 
nication applications has also inspired the rapidly growing field of fiber-optical 
sensors. For such fiber sensors, a distinction can be made between intrinsic 
concepts, where the fiber itself serves as a sensitive element, and extrinsic con- 
cepts, where the fiber serves only as an optical communication link. Generally, 
all optical parameters defining the state of light, such as amplitude, phase, 
wavelength, or polarization, can be used for measuring an external physical 
quantity via an optical fiber sensor. 

The most direct way of designing a fiber sensor element is based on the 
variation of the optical amplitude (intensity-modulated sensor), since many 
parameters are known to influence the transmission properties of optical fibers. 
However, such a concept usually suffers from strong cross-sensitivity; more- 
over, it is dependent on several component properties (light source and de- 
tector variations, coupling, transmission attenuation, etc.). The usefulness of 
such a concept is limited therefore. A sensor encoding concept based on spec- 
tral modulation instead of amplitude or intensity modulation largely reduces 
such problems. All attenuation effects that do not change the relative intensity 
of different wavelength channels will not degrade the accuracy of the sensor. 
Spectrally encoded fiber sensor systems are, therefore, especially interesting 
for applications where a reasonable degree of accuracy is required. In addi- 
tion, such sensors make it possible to exploit other general advantages of fiber 
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sensor systems as well, such as small size and weight, immunity against elec- 
tromagnetic radiation, electrically insulating properties (e.g., for high-voltage 
applications), or applicability under adverse environmental conditions. 

In the following, a variety of different spectral effects and their imple- 
mentations as a fiber microoptical sensor are presented, including spectral 
scattering, spectral attenuation or absorption, and spectral reflection effects. 



2 Spectral Encoding Concepts 

2.1 Raman and Brillouin Scattering 

Raman and Brillouin scattering are nonlinear effects related to inelastic scat- 
tering of photons involving vibrational states or optical phonons (Raman scat- 
tering) or acoustical waves or acoustical scattering (Brillouin scattering). In 
both cases, the scattered signal is spectrally shifted compared to the original 
signal. Although silica is not intrinsically a highly nonlinear material, con- 
siderable nonlinear effects may be observed in such optical fibers due to the 
possible high energy density in a fiber core. The shift in wavelength depends 
on parameters such as temperature and enables the design of fiber sensors. 
To this end, light is coupled into the fiber and the scattered light is spectrally 
analyzed. Typically, pulsed light is used, which allows local resolution at posi- 
tion z based on the measurement of the traveling time dt of the optical pulse 
(optical time-domain reflectometry, OTDR): 

z = 2c dt, (1) 

where c is the speed of light. With a time resolution in the nanosecond rage, 
spatial resolution in the meter range is generally possible. 

Raman scattering is relatively weak and gives two scattering peaks (Stokes 
and anti-Stokes at wavelengths A s and A tt , respectively) with a shifted fre- 
quency of about 14THz. The relative intensity of the two shifted Raman 
scattering lines depends on the temperature according to [1] 

R(T) = (\ s /\ a ) 4 exp(-hv/kT), (2) 

where T is the absolute temperature, h is Plank’s constant, k is Boltzmann’s 
constant, and v is the frequency of incident light. This relation allows a tem- 
perature measurement by comparing both Raman components and is imple- 
mented in commercial backscattering measurement systems. 

The scattered Brillouin intensity is relatively high compared to Raman 
scattering, but the typically observed frequency shift vb corresponds to only 
about 12 GHz, depending on the optical material. Due to the acoustical prop- 
erties relevant for the frequency shift of the scattered light, this frequency 
shift vb will vary with temperature T and strain e of the optical fiber and can 
be approximately described as 
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Fig. 2. Comparison of Raman and 
Brillouin temperature measurement 
Fig. 1. Brillouin measurement setup. along an electrical cable. 



v B = (2nv A )/\, 


( 3 ) 


where n is the refractive index, va is the acoustical wave velocity, and A is 
the wavelength. 

The sensitivity C of such a sensor is typically determined by the relative 
change of the frequency shift and is given by 


C s = 1 /v B (dv B /de) 


( 4 ) 


(typical value 4.5), 




C t = l/v B (dv B /dT) 


( 5 ) 


(typical value 10 -4 K -1 ). 





A change of the frequency shift involves the refractive index and the acous- 
tical velocity. The variation of the acoustical velocity is the dominant effect 
compared to the variation of the refractive index. The relation between the 
physical quantity and the frequency shift is linear to a good approximation 
and allows the implementation of distributed strain and temperature sensing 
(Figs. 1 and 2) [4]. 

2.2 Spectral Absorption and Evanescent Wave Spectroscopy 

Spectral absorption properties are valuable parameters for characterizing ma- 
terials or material properties. Such properties may be measured with fiber 
optical systems either using a separate, miniaturized measuring cell or em- 
ploying the evanescent fields directly around a fiber. In the case of evanescent 
wave spectroscopy, the sensitive volume is situated around the fiber and close 
to the fiber core. The penetration depth of the evanescent field is typically in 
the range of an optical wavelength and the exponential decay can be described 
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Fig. 3. Polymer-coated fiber for evanescent field sensing. 
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Fig. 4. Naphtalene sensing in water with an evanescent fiber sensor in comparison 
to a standard transmission cell. 



d p = A/[27r(ni sin© - n 2 ) 1 / 2 ], (6) 

where n\ is the higher-refractive-index medium, rt 2 is the lower-refractive- 
index medium, and 0 is the incidence angle. 

The concept of such fiber-optical evanescent wave spectroscopy allows for 
long interaction lengths and is relatively resistant to dirt layers, since the 
optical transmission channel (fiber core) is not affected by such processes. 
The fiber concept is generally applicable to the investigation of gaseous or 
fluid materials. In order to get access to the evanescent wave, either the fiber 
coating has to be thinned down to the micrometer range or the coating must 
allow penetration of the molecules or atoms under investigation. In this case, 
effects of enrichment in the coating layer can be used to increase sensitivity 
(Fig. 3). As an example, polymer layers have been successfully applied for the 
measurement of hydrocarbonates in water. An example for the measurement 
of naphtalene is shown in Figure 4. 
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2.3 Spectral Reflectivity 

Variable mirror structures in combination with optical fibers can be used 
for the measurement of a great variety of physical quantities. Fabry-Perot 
filters are often used as such spectrum-modifying elements. They consist of 
two mirror layers separated by a distance layer. The spectral characteristics 
of such an element is influenced by the reflectivities of the two mirror layers 
and the optical path length difference between them. In the case of equal 
reflectivity for both mirrors, the transmitted intensity is described by [1] 

7 = / 0 /(l + Fsin.^/2), (7) 

where F= 472/(1 — R), R is the reflectivity of a single mirror, and $ is the 
optical phase shift in the resonator. 

The phase retardance $ can be changed either by varying the path length 
difference (distance of mirrors) or by varying the effective index of the ma- 
terial between the mirrors. Depending on the strength of reflection, either a 
wavelength-dependent intensity characteristic similar to a cosine function or 
an intensity characteristic with a rather discrete array of maxima is achieved. 
A measure of sensor sensitivity is the change of intensity dl with phase change 
d<!>. The maximum sensitivity is achieved for $_=4/3 F and reaches the value 
of (-0.3 IoF 1/2 ) [1]. 

Some typical examples for parameters to change a Fabry-Perot element are 
temperature (distance or refractive index change), force or pressure (distance 
change of a membrane), or humidity (refractive-index change). In Figures 5 
and 6, a pressure sensor element is shown, where the resonator is achieved by 
combination of a mircrostructured silicon membrane and a quartz block. In 
the case of the humidity sensor (Figs. 7 and 8), a microporous layer system 
is used as the filter. Since the size of the pores is in the subwavelength range, 
the optical performance is not influenced by scattering. Condensed water (or 
eventually other gases/liquids) changes the effective index and, therefore, the 
optical path difference. Due to the small volumes involved, this process of 
index change is fast and reversible and allows for measurement also in the 
very low-humidity range. 

Fiber Bragg gratings represent an alternative wavelength-specific mirror 
structure which is very well suited for wavelength-encoded sensor functions 
[5,6]. A fiber Bragg grating is implemented as a modulation of the refractive 
index within the core of an optical fiber, typically by illumination with a 
periodic pattern at ultraviolet (UV) wavelengths (Fig. 9). Such a modulation 
pattern within the fiber core may be described as 

An(z) = An DC (z) + An A c{z) cos[2ttz/A FB g + $( z )\, (8) 

where A F bg is the grating period, Anne is the bulk refractive-index change, 
Auac is the refractive-index modulation, and $ is the phase shift in the 
grating structure. 
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Fig. 5. Setup for a fiber-optical pre5>- 
sure sensor based on a Fabry Perot 
filter (schematic). 




Fig. 7. Principle of a layered porous 
Fabry-Perot filter for a humidity sen- 
sor. 




Fig. 6. Implemented optical module 
of a fiber-optical pressure sensor. 
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Fig. 8. Humidity measurement with 
the Fabry-Perot filter of Figure 7 at 
an optical fiber end. 



A large refractive-index modulation is achieved not only by the high ex- 
posure dose but also by high photosensitiviy due to doping of the fibers or 
appropriate preprocessing. Values in the range of 10 -5 up to 10” 2 are achieved. 
Either a phase mask method or an interferometric method is used as a record- 
ing scheme. The interferometric method allows a very flexible adjustment of 
the Bragg period and is applied, for example, in combination with a fiber 
drawing tower for the realization of grating arrays (Fig. 10). 

The reflection peak is typically very narrow (in the range of 1 nm and less) 
and may reach reflectivities close to 100%. A typical example for such a fiber 
Bragg grating reflection peak is shown in Figure 11. The design wavelength 
of the reflection peak depends on the effective index and the grating period: 

X D = 2n e ffA FB G , (9) 

where n e ff is the effective refractive index and A F bg is the period of the fiber 
Bragg grating. 

The design wavelength may be changed by external parameters and will re- 
sult in an effective Bragg wavelength Xb of the reflection peak, which depends 
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Fig. 10. Talbot interferometer for interferometric recording of fiber Bragg gratings 
with a phase grating as a beam splitter applied at a fiber-drawing tower. 
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Fig. 11. Reflection characteristic of a fiber Bragg grating. 



on the bulk index refraction change Anoc according to 

(A b ~ Ad)/Ad = AriDc/neff- (10) 

The period of the Bragg grating and the refractive index can be changed 
by physical parameters such as temperature or mechanical strain. Accord- 
ingly, the reflection peak will be changed in wavelength. The shift is relatively 
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Fig. 12. Fiber Bragg gratings as sensor elements for temperature and strain. 



small (in the range of lnm or less) but sufficient for sensor measurements 
(Fig. 12). The concept of such a fiber Bragg grating allows multiplexing of 
sensors in a grating array, where specific sensor positions can be distinguished 
by wavelength or delay time in a pulsed system [7]. 



3 Conclusions 

Microoptical components are essential parts in fiber-optical sensors. This in- 
cludes not only the fiber itself but also its sensor-specific modifications, as 
well as coupling optics or optical sensor modules. Miniaturization and stabil- 
ity are essential aspects for application. Concepts using wavelength encoding 
offer attractive system properties. The development of new solid-state laser 
light sources and compact spectral analyzing systems will further intensify 
this trend [8]. 



Acknowledgments 

Helpful discussions and contributions by Prof. R. Willsch, Dr. W. Ecke, Dr. 
G. Schwotzer, Dr. V. Hagemann, Dr. S. Schroeter, C. Chojetzki, H. Lehmann, 
and T. Widuwilt as well as funding by the Federal Ministry of Education and 
Research (BMBF) are gratefully acknowledged. 



References 

1. Dakin, J. and Culshaw, B., (eds.), Optical Fibre Sensors , Artech House, Nor- 
wood, MA (1988/89), Vols. I-III. 

2. Rogers, A.J., Optical-fiber sensors, in Sensors , Vol 6 , Optical Sensors , edited 
by Gopel, W., Hesse, J., and Zemel, J.N., VCH, Weinheim, (1992). 





Microoptical Applications in Spectrally Encoded Fiber Sensor Systems 297 



3. Bartelt, H., Spectrally encoded fiber sensor systems, Proc. SPIE 4900, 394-400 

( 2002 ). 

4. Geinitz, E., Jetschke, S., Ropke, U., Schroter, S., Willsch, R., and Bartelt, H., 
The influence of pulse amplification on distributed fibre-optic Brillouin sensing 
and a method to compensate for systematic errors, Meas. Sci. Technol. 10, 112— 
116 (1999). 

5. Kersey, A.D. et al., Fiber grating sensors, J. Lightwave Technol. 15, 1442-1463 
(1997). 

6. Rao, Y.J., In-fibre Bragg grating sensors, Meas. Sci. Technol. 8, 355-375 (1997). 

7. Bartelt, H., Grimm, S., Hagemann, V., Rothhardt, M., Ecke, W., and 
Willsch, R., From photosensitive fibers to fiber Bragg grating sensor systems, 
Proc. SPIE 4900, 424-429 (2002). 

8. Willsch, R., Application of optical fibre sensors: technical and market trends, 
Proc. SPIE 4074, 24-31 (2000). 




Microoptical Beam Shaping for 
Supershort-Pulse Lasers 



Rudiger Grunwald 1 and Volker Kebbel 2 

1 Max-Born-Institute for Nonlinear Optics and Short-Pulse Spectroscopy, 
Max-Born-Strafie 2a, D- 12489 Berlin, Germany 
grunwald@mbi-berlin . de 

2 Bremen Institute for Applied Beam Technology, Klagenfurter Strafie 2, D-28359 
Bremen, Germany 

1 Introduction 

One of the most exciting ideas in the field of modern optics is the combi- 
nation of microoptical components with ultrashort laser pulses. In this way, 
the specific advantages of both (miniaturization in spatial dimensions and 
localization in time) can be exploited for novel-type devices. 

Ultrashort high-power lasers are of increasing interest for many advanced 
applications in chemistry [1], nonlinear optics, materials processing, medicine, 
biology, and information technology because of the new prospects for selective 
excitation, efficient frequency conversion, access to higher-order nonlinearities, 
particle manipulation, and the potential of high-speed optical data process- 
ing [2]. On a sub-10-fs timescale, a sufficiently accurate control of the beam 
properties of laser sources is difficult. In the optical or near-infrared part of the 
spectrum, such pulses can be described by wave packets with a duration even 
below a single oscillation cycle. The corresponding spectrum is very broad, 
may span a full optical octave and more for the shortest pulses, and typically 
contains distinct substructures. In addition, the pulse may have a significant 
frequency chirp. In contrast to longer pulses, spatial and temporal parame- 
ters are strongly coupled (“space-time coupling”) and a spatial chirp has to 
be taken into account [3]. Therefore, any shaping or characterization proce- 
dure has to be designed with respect to both a sufficiently high spatial and 
temporal resolution. Furthermore, the propagation is significantly influenced 
by spectral dispersion as well as spatially induced group velocity dispersion by 
amplifier or compressor systems, light guiding systems, and even the air be- 
tween. Therefore, the optimization of the pulse structure and the development 
of the necessary diagnostic techniques are closely connected. 

A very promising approach to solve these problems is the use of novel types 
of low-dispersion thin- film microoptical component [4-6] . Among the unique 
features of this kind of microstructures, their ability to realize very small phase 
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gradients is of extraordinary interest for ultrashort-pulse optics. The access to 
angular resolutions far below 1° combined with sophisticated array geometries 
and defined local phase functions allows the generation of highly structured 
light patterns. Thin-film microlenses with nonspherical shape functions (axi- 
cons [7]) allow one to produce multiple or extended foci [8,9] and are less 
sensitive against tilt or axial displacement, like spherical lenses. With thin re- 
fractive microaxicons of conical or Gaussian shape, nondiffracting beams [10] 
of Bessel and Bessel-like [11] intensity distribution can be generated by con- 
structive interference of conical partial beams. A conversion of information 
from the temporal domain into the spatial domain (spatial frequency spec- 
trum) can be realized with a fringe frequency well adapted to the system 
dimensions (subaperture diameters) and to the application. With arrays of 
such microaxicons, a ray optical approximation of wave optics can be directly 
implemented experimentally. Beams of extremely low spatial frequencies are 
possible (e.g., strongly degenerated Bessel-like beams with only a single maxi- 
mum but extended depth of focus). Additional degrees of freedom for complex 
wave shaping can be introduced by spatially graded stacks of different dielec- 
tric materials ( multilayer microoptics [12]). The resulting potential for new 
methods of dispersion control may be an interesting task for future investiga- 
tions. A presently more important step in the context of ultrashort pulses is 
the integration of materials with nonlinear optical characteristics (e.g., thin 
crystals or layers for second harmonic generation [13]) for the design of nonlin- 
ear microoptical processors , which enable higher-order autocorrelation data or 
intensity-dependent contrast enhancement. Recent results of theoretical and 
experimental work on the propagation of array-shaped free-space interference 
patterns (Talbot effect, arrays of Bessel-like beams [14]) generated with re- 
fractive, reflective, and hybrid optical microstructures and their application 
to the mapping of spatial and temporal coherence of femtosecond lasers are 
reported here. 



2 Experimental Technique 

Thin-film microoptical elements for femtosecond laser-beam shaping have 
been fabricated on the basis of vapor deposition technology and (for extremely 
small structure sizes) by gray-scale lithography. For vapor deposition, shad- 
ing masks with single or multiple holes are fixed at substrates which undergo 
a planetary rotation and thus move on hypotrochoidal orbits relative to a 
pointlike source (electron-beam vaporizer) [4-6]. The technique enables the 
production of a variety of components, including multilayer microoptics [12], 
microlens arrays on flexible substrates [15], or anamorphotic microlenses [16]. 
The maximum height of the structures is limited by the deposition technol- 
ogy and depends on layer and substrate materials and the aspect ratio and 
does not exceed 15 pm (typically 1-6 pm for element diameters of 50-700 pm). 
The thickness or phase profile can be influenced by the mask parameters (dis- 
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tance, thickness, shape, depth profile). By choice of the material, broadband 
or selective transmission properties can be obtained. The transfer of deposited 
dielectric structures into the bulk materials by reactive ion etching extends the 
field of applications to other wavelength regions (e.g., down to far ultraviolet 
region, as recently demonstrated [17]). 

For femtosecond laser-beam shaping and characterization, the following 
types of thin-film structures have been deposited and tested: (a) arrays of 
convex refractive silica microlenses on thin quartz substrates for a transmis- 
sion setup, (b) gold-coated concave silica and copper structures as reflective 
shapers, and (c) hybrid refractive-reflective elements consisting of plane silver 
mirrors with a matrix of silica lenses on top. For the generation of Bessel-like 
beams, lenses and mirrors of Gaussian or inverse Gaussian phase profile were 
applied. Bessel beams were formed with conical type-B elements of straight 
slope. For self-imaging experiments with very small array periods, lithograph- 
ically structured photoresist microlenses (d) were used (also transferred into 
the substrates or combined with reflecting metal layers). 

In Figure 1, the thickness distribution of a part of a type-C hybrid mi- 
crooptical beam shaper measured with a Mirau white-light interferometer 
(ZYGO) with M — 5x magnification at a wavelength of 616 nm is shown. 
The component consists of about 2000 convex silica axicons deposited on a 
silver mirror. To avoid parasitic Fabry-Perot interference effects by internal re- 
flection, a part of the sample was coated with a thin auxiliary highly reflecting 
gold layer. The pitch of the hexagonal structure is 405 pm and the maximum 
structure height is about 1 pm. The Gaussian shape of the elements can be 
recognized in the cut-through structures in the first row of Figure 1. 

To produce ultrashort pulses over a broad range of parameters, two 
Tiisapphire laser systems with center wavelengths of about 790 nm were avail- 
able. Sub-10-fs pulses were generated by a home-made amplified Tiisapphire 
laser with a hollow fiber for self phase modulation, chirp-compensating prisms, 
and mirrors (pulse energy maximum 150 pJ, repetition rate 1kHz [18]). From 
a second commercial system, oscillator pulses of about 10 fs (pulse energy 4 nj, 
repetition rate 75 MHz) and amplified pulses of about 20 fs (repetition rate 
1kHz, pulse energy 800 pJ) were extracted. Polarization-maintaining beam 
guiding optical setups were used in all arrangements. The temporal and spec- 
tral characteristics of the pulses were determined by classical autocorrela- 
tion methods and a spectrometer. With symmetric (first system) and slightly 
asymmetric (second system) beam splitters of Mach-Zehnder and Michelson 
type, the laser beam could be divided into partial beams. For phase shifting, 
one of the arms was translated by a high-resolution piezoactuator (minimum 
step width 50 nm, corresponding to a time resolution of 0.34 fs). The inter- 
ference patterns shaped by the microoptical components were imaged by an 
optical system consisting of a microscope objective (M = 4x or 20 x) and a 
zoom objective (1:1.2/12.5-75 mm). The plane of interest was directly imaged 
to a charge-coupled device (CCD) matrix camera (Basler A101P, 1300 x 1030 
pixels, pixel size 6.7 x 6.7pm 2 ). Processing the pattern by second harmonic 
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Fig. 1. Thickness distribution of a part of a type-C hybrid microoptical beam shaper 
(silica axicons on silver mirror, hexagonal structure, 405- pm pitch) measured with 
a Mirau white-light interferometer (ZYGO, magnification M — 5x, wavelength 
616 nm, auxiliary gold layer on a part of the sample). 



generation (SHG) to obtain second-order autocorrelation was achieved by a 
BBO crystal (100 pm thickness) in the image plane. The fringes were ana- 
lyzed with image processing software (Fringe Processor, BIAS). The position 
of the imaged plane was varied by shifting the BBO crystal, the objectives, 
and the camera simultaneously. The propagation was simulated on the basis 
of Rayleigh-Sommerfeld diffraction theory [14]. By the microoptical arrays, 
the laser beam is divided into separated subbeams for a further multichannel 
processing. At large distances, interference of diffracted and refracted parts 
appears (fractal Talbot effect, Talbot effect, far field) and the spectrum is 
split. In this region, the spatial and temporal resolution are reduced. The 
distance of optimum performance for Bessel beam generation depends on the 
layer thickness h and on the array period p (for a silica microaxicon array 
of p — 405 pm and h = 5.7 pm, an optimum distance of 9-10 mm was found 
experimentally in good agreement with simulations [14,19,20]). At distances 
> 10 mm, the influence of diffraction is significant (the corresponding Fresnel 
number for the center wavelength A = 790 nm was p 2 /A\z = 5.2). 



3 Array Generation and Coherence Mapping 

For any type of interferometer and beam shaper (focusing, array generation), 
the spatio-temporal characteristics of the transformed laser beam are closely 
connected to the coherence properties. Therefore, microoptical multichannel 
interferometry is of high practical relevance. In general, however, the retrieval 
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of absolute coherence data from a time-integrated fringe pattern is not triv- 
ial. At ultrashort-pulse durations in the region of strong space-time coupling 
(about 10 fs for Tiisapphire laser wavelengths), the spatial and temporal pa- 
rameters of the wave packet are not separable. Therefore, the contrast contains 
information about both spatial and temporal correlations. For a qualitative 
evaluation of the adjustment state of a laser system or beam-shaping optics, 
a radially resolved contrast analysis can be very helpful. By transforming 
the beam into an array of interference patterns generated by corresponding 
subbeams, a discrete spatial resolution can be achieved. From the contrast 
data of all array elements, a contrast map can be extracted. For ultrashort- 
pulse lasers, the components for shaping of the interference patterns should 
not affect the temporal coherence by dispersion, nonlinear effects, or inho- 
mogeneities. The spatial resolution depends on the method used and on the 
optical setup. 

In the case of self-imaging, an array-shaped phase object of the period p 
is replicated in phase and amplitude in the jth Talbot plane at a distance 
z = 2jp 2 /X for a monochromatic beam. The interference maxima contain 
information from j neighbors in each direction so that the minimum linear 
resolution is 2 j times the array period (Ax = 2 jp). For a broadband femtosec- 
ond beam, the contrast is reduced by the spectral spread in axial direction and 
by travel time differences [14] but allows a qualitative evaluation of the spa- 
tial homogeneity. The measured intensity distribution of a 12.5-fs Ti:sapphire 
laser beam in the first Talbot plane (related to the center wavelength of the 
spectrum of the fundamental wave) of a microlens array and the correspond- 
ing time-integrated contrast map are plotted in Figure 2. The array consists 
of an orthogonal arrangement of type-D resist structures (period 36 pm). The 
field of view (about 320 x 320 pm 2 ) represents the central region of the beam. 
The fine structure of the contrast map is indicative of a weak spatial inho- 
mogeneity. If transversal information is encoded in the spatio-spectral beam 
parameters, Talbot processing may also be a way to read it out by spectrum- 
to-space conversion. 

Coherence mapping with Bessel beam arrays delivers a higher spatial res- 
olution (with respect to the array period p) and a lower sensitivity to axial 
position and tilt. If beam shapers with extremely small tilt angles of their opti- 
cal faces are implemented (thin-film axicons), minimum travel time differences 
are obtained. Second-order fringe patterns (by second harmonic generation in 
a 100-pm BBO crystal) of a part of a hexagonal array of Bessel-like beams 
at a pulse duration of 8fs (spectral coverage > 200 nm) generated with a 
hexagonal type- A microaxicon array (silica on quartz, maximum layer thick- 
ness 5.7 pm, period 405 pm) and the corresponding contrast map are depicted 
in Figure 3. To avoid saturation effects by overexposure, the contrast of an 
outer fringe (sixth maximum) was analyzed for each of the 23 sub beams (area 
1.62 x 1.62mm 2 ). In the central region (brighter zones), the coherence dura- 
tion is shorter than in the outer region. This is indicated by a significantly 
reduced diameter of the fringe envelope in the center. 
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Fig. 2. Array shaping and coherence mapping by self-imaging of microlens arrays: 
(a) measured intensity distribution of a 12.5-fs Ti:sapphire laser beam in the first 
Talbot plane of the foci of an orthogonal arrangement of spherical resist microlenses 
(period 36 pm) and (b) corresponding contrast map indicating the fine structure of 
the coherence distribution in the beam center. 
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Fig. 3. Array shaping and coherence mapping with refractive thin-film microaxicon 
arrays: (a) measured second harmonic intensity distribution generated by Bessel-like 
subbeams at a distance of z = 9 mm (pulse duration 8fs), and (b) corresponding 
contrast map indicating regions of shorter pulse duration in the beam center. 



In both measurements, a transmittive setup was used to shape the beam of 
the fiber compressed laser system. To reduce the influence of the substrate by 
linear dispersion and nonlinear effects, reflective setups with type-C compo- 
nents can be used. The generation of spatially separated interference zones of 
high robustness against axial displacement and angular misalignment with the 
help of axicons can be applied to an extended beam characterization (includ- 
ing spatially resolved autocorrelators, wave-front sensing, and the detection of 






Microoptical Beam Shaping for Supershort-Pulse Lasers 305 

a spatial chirp) as well as to multichannel measuring techniques and materials 
processing. 



4 Spatio-Temporal Autocorrelation of Bessel X-Pulses 

The spectral interference of polychromatic nondiffracting waves results in 
characteristic spatio-temporal and spectro-temporal patterns, the so-called 
X-waves (X-shaped in space and time), which are a well-known phenomena in 
acoustics [21] and probably also have a close relationship to “monster waves” 
appearing at the ocean surface if waves of different wavelengths and direc- 
tions interfere. In acoustics and in the radar technique, X-waves are used to 
generate directed energy for high-efficiency transducers or antenna systems. 
The vision of “electromagnetic missiles” was a further driving force in this 
field. With high-pressure lamps of short coherence time, continuous waves 
of X-shaped coherence distribution can be formed from conical beams [22]. 
At ultrashort-pulse durations with corresponding broad spectral bandwidths, 
pulsed X-waves or X-pulses are created. The launching of “light bullets” and 
their solitonlike propagation through dispersive media was predicted by the- 
ory [23]. Analyzing the propagation of conical 210-fs Tirsapphire laser beams, 
it was concluded that optical X-pulses were shaped for the first time [24]. 
However, as could be shown by recent experiments [25] as well as by differ- 
ent numerical simulations, a splitting of the wave packet in distinct X-pulse 
structures of sufficiently high contrast can only be achieved at pulse durations 
< 20 fs [26-28]. In contrast to other experiments, we shaped and detected sin- 
gle and multiple Bessel-like and Bessel beams with conical elements of very 
small conical angles. In this case, the particular advantage of thin-film tech- 
nology of enabling the fabrication of flat structures was exploited. In this way, 
ratios of depth of focus and minimum transversal diameter up to 2 x 10 3 : 1 
were obtained. The space-time structure of the wave packets was analyzed by 
spatially resolved second-order autocorrelation (using second harmonic gen- 
eration) for pulse durations between 8 and 100 fs. In Figure 4, the simulated 
evolution of a Bessel-like X-pulse during the propagation in vacuum in the 
axial direction is plotted for different distances (contrast of fine structures 
enhanced by modifying the luminance function). 

The calculation is based on a single silica axicon microlens of Gaussian 
shape in transmission (height 5.7 pm, diameter 405 pm). For the spectrum, 
experimental data were used. It can be recognized that a localized wave packet 
appears, the spatial frequency of which varies slowly with the axial position. 
The region with best contrast is located between 8 and 10 mm from the ver- 
tex of the microaxicon. In this region, we also find maximum intensity and a 
minimum change of intensity along the axis. Therefore, a plane at z = 9 mm 
was imaged onto the CCD camera for the autocorrelation experiments. The 
second-order spatio-temporal autocorrelation of a selected microscopic-size 
subbeam of an array of nondiffracting beams is plotted in Figure 5. In these ex- 
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Fig. 4. Numerical simulation of the beam propagation: Spatio-temporal shape of 
a Bessel-like X-pulse at different distances related to the intensity (generating ele- 
ment: plano-convex silica axicon microlens of Gaussian shape in transmission, height 
5.7 pm, period 405 pm, substrate directed to the laser, axicon directed to the oppo- 
site direction; parameter: distance from the vertex of the microaxicons to the center 
of the wave packets) . 



periments, we employed a Ti:sapphire laser of 12.5-fs pulse duration and used 
a type-A transmission setup. Figure 5 represents a two-dimensional, cross- 
sectional cut of a small part of the complete three-dimensional space-time 
autocorrelation. Because of the quadratic dependence of the second harmonic 
signal on the fundamental intensity, the intensity of the outer fringes falls 
with the inverse square of the radius or faster. To enhance the visibility of 
the X-shape, the gray values of the temporal profiles for all radial coordinates 
were normalized to their maxima. With these measurements, the first reliable 
and direct evidence of ultrashort-pulse localized wave packets of Bessel-X- 
pulse type at optical frequencies was demonstrated in good agreement with 
numerical simulations [26-28]. 



5 Wave-Front Autocorrelation with Advanced 
Shack— Hartmann Sensors 

In addition to the contrast data, the analysis of array-shaped interference 
patterns also delivers information about the phase of the wave packet. A 
time-integrated measurement yields the local wave-front tilt averaged over all 
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Fig. 5. Spatio-temporal second-order autocorrelation of localized ultrashort-pulse 
wave packets: Direct detection of a microscopic-size Bessel-like subbeam of an array 
of X-pulses (matrix of 200 beams generated from a 12.5-fs Ti: sapphire laser pulse, 
center wavelength 790 nm, microscope objective: M = 4, vertical axis: radial direc- 
tion, horizontal axis: time, normalized to maximum intensity for each transverse 
coordinate y). 



spectral contributions for each subaperture. Thus, a simultaneous measure- 
ment of wave front and autocorrelation function or wave-front autocorrelation 
is possible if the collinear autocorrelator setup is combined with a spatial 
separation in a sufficiently high number of channels by a microoptical array. 
Experiments were performed with transmitting type-A as well as with re- 
flecting type-B and hybrid type-C setups. The thin-film components enable 
the extension of the Shack-Hart mann sensor principle to ultrashort pulses, 
whereas the use of axicons leads to extended foci and angular tolerance. In 
Figure 6, the second-order spatio-temporal autocorrelation of a femtosecond 
wave packet of an amplified Ti: sapphire laser is shown for two different radii 
of curvature by cuts through the three-dimensional distribution (two dimen- 
sions for the transversal profile, one dimension for the time axis, cut length 
2.43 mm). 

The direction of the cut was chosen in such a way that aberrations caused 
by the oblique illumination (here at an angle of incidence of 25°) can be ne- 
glected. The period of the undistorted beam (Fig. 6a) corresponds to the array 
period (405 pm), whereas the distorted beam had a local radius of curvature of 
about 38.2 mm (caused by a plano-convex glass lens of 2 diopters at a distance 
of 11.8 cm from the center of the array, thickness of the lens 2.05 mm, distance 
of the BBO crystal from the array 1.4 cm). In Figure 6b, reduced spacings of 
the subbeams clearly can be recognized (arrows). By measuring the average 
difference of the spacings, an averaged radius of curvature of the wave front 
of 37.5 cm was determined. This value agrees well with the parameters of the 
lens. 
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Fig. 6 . Wave-front autocorrelation of second-order with hybrid refractive-reflective 
microaxicon arrays in reflective setup: (a) undistorted beam and (b) beam distorted 
by a thin glass lens (gray scale inverted, beam shaper: Gaussian-shaped silica axicon 
lenses on plane silver mirror, height of axicons about 1 pm, second harmonic gener- 
ation: 100 pm BBO crystal, source: amplified Ti:sapphire laser, repetition frequency 
1kHz, central wavelength 790 nm, angle of incidence 25°, step width of piezotrans- 
lator 50 nm corresponding to a temporal resolution of 0.34 fs). 



6 Summary and Conclusions 

Thin-film microoptical components in refractive and hybrid refractive- 
reflective designs were applied to spatio-temporal shaping of ultrashort-pulse 
laser beams. Taking advantage of the specific properties of thin layers, the 
technique enables one to process pulses in the space-time coupling domain 
(sub-10-fs range) with reduced distortions. Arrays of conical beams of ex- 
tremely small angles can be realized. The spatio-temporally resolved first- 
and second-order autocorrelation and the wave-front curvature have been 
measured simultaneously with advanced Shack-Hartmann sensors based on 
axicon arrays. Direct detection and characterization of single and multiple 
spatio-temporally localized Bessel X-pulses in the optical region was demon- 
strated for the first time. Reflection setups were realized with available reflec- 
tive and hybrid refractive-reflective array components. For the development 
of future photonic systems, the integration of adressable and steerable struc- 
tures (adaptive microoptics), the implementation of highly compact design 
(planar microoptics) and the incorporation of nonlinear materials (nonlinear 
microoptics) are of essential interest. 
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